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FOREWORD

Tile Energy Efficient Engine ComponentDevelopmentand Integration Program is
being conducted under parallel National Aeronautics and Space Administration
(NASA)contracts v;ith Pratt & Whitney Aircraft Groupand General Electric
Company.The overall project is under the direction of Mr. Carl C. Ciepluch
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Pratt & Whitney Aircraft effort under NASAcontract NA.]-20646. Mr. Danie! E.
Sokolowski is the NASAProject Engineer responsible for the portion of the
project described in this report. Mr. William B. Gardner is Managerof the
Energy Efficient Engine Program at Pratt & Whitney Aircraft Group with Messrs.
M. H. Zeisser, W. Greene and D. J. Dubiel the engineers responsible for work
described in this report.
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SECTION 1.0
SUMMAF•

The combustor component for the Energy EfTlcicnt Engine is an annular, two-

zone configuration. As designed, this component either meets or exceeds all

program goals for performance, safety, durabillty, and emissions, with the
exception of oxides of nitrogen.

The Energy Efficient Engine combustor component has severa7 advanced features

to enhance aerothermal performance and durability without compromising emis-
sions reduction. The prediffuser has short, strutless, curved walls to provide

a uniform combustor inlet profile. The combustor is a two-zone design with a

refined fuel supply system. It employs two types of fuel injectors to improve

fuel atomization for more complete burning. The liners are segmented for

better durability at the high operating pressure/temperature conditions envi-

sioned for the Energy Efficient Engine. The segments are constructed from a

high-temperature capability turbine alloy (B-1900 + Hf_ and cooling is

accomplished with an advanced counter-parallel FiN_JAL_K_technique. This

technique permits more effective heat transfer with less coolant.

Of particular importance are the results acquired from the related Sector

Combustor Rig Test Program, in which several combustor configurations were
tested at actual high pressure and high temperature conditions anticipated for

the Energy Efficient Engine. Table l-I presents a comparison of program goals

with demonstrated performance levels from this test program.

The combustor component, as designed for the Energy Efficient Engine, re-

presents a considerable extension of current cor,Dustor technology that has

application in future gas-turbine engines.



DEMONSTRATED

Aerothermal Performance

Pattern Factor

Section Pressure Los_ !%PT3)
Exit Radial Temperature Profile

(maximum peak-to-average) Z_C

Emissions Parameters (EPAP)*

TABLE ]-i

CONBUSTOR

(A_'F) ]39

PERFOR_4A_<CE

GoaI(**)

0.37
_.50

(250)

_emonstrated

83 (150)

Unburned Hydrocarbons 0.4 0.38
Carbon Monoxide 3.0 2.30

Oxides of Nitrogen 3.0 4.70
Smoke Number 20 4

Durability

Life Capability 8000 hours/4900 missions 11,700
(estimated

Environmental Protection Agency Parameter - includes Nargins
Development and Variability

** Maximum for Aerotherma] Performance and Emissions

for



SECTION 2.0

INTRODUCTION

The Energy Efficient Engine Component Development and Integration Program,

sponsored by the National Aeronautics and Space Administration (NASA), is

directed toward developing the technology to achieve greater fuel efficiency

for futurc commercial aircraft gas-turbine engines. The overall goals for the
program include a reduction in fuel consumption of at least 12 percent and a

reduction in direct operating cost of at least 5 percent relative to the Pratt

& Whitney Aircraft JT9D-7A base engine. To verify the technology to attain

these goals, the Energy Efficient Engine Program is currently organized into
three technical tasks:

Task 1

Task 2

Task 4

Propulsion System Analysis, Design, and Integration

Component Analysis, Design and Development

Integrated Core/Low Spool Design, Fabrication and Test

Under Task 2, an advanced combustion system has been designed for the Energy

Efficient Engine. This combustor has several advanced features to provide a

compact system that can reduce emissions and exit temperature pattern factor,

plus meet commercial durability requirements. With only minor exceptions, the

combustor design is the same fOF both The flight propulsion system, which is
the analytical study engine in the Energy Efficient Engine Program, and the

integrated core/low spool, the test vehicle for evaluating fuel-efficient

technology concepts. Figure 2-I presents the program schedule for the com-
bustor component effort, including two supporting technology programs that

provided both technical guidance and design substantiation.

_is report presents the detailed design of the combustor component. The

following section, Section 3, provides an overview of the combustor design.
Section 4 describes the aerodynamic design of the component, while Section 5

presents the thermal-mechanical design. A synopsis of the work completed in
the related supporting technology programs is presented in Section 6. In

Section 7, the test program for evaluating the full annular comL stor com-

ponent is summarized. Concluding remarks are presented in Section 8.
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SECTION 3.O
DESIGN 0VERVIEW

3.1 COMBUSTOR SYSTEM DESIGN

The Energy Efficient Engine combustor design is based on the technology in-
vestigated in the Experimental Clear Combustor Program sponsored by the
National Aeronautics and Space Adeinistration. It combines this technology
with advances in the areas of ac.-odynamics and structure-mechanics to provide
a compact system capable of low emissions and high performance. For conTnercia]
acceptance, the design also addresses durability, mechanical simplicity and
the capability to operate on broad specification fuels. Figure 3.1-I presents
a cross-sectional view of the combustor and identifies the salient features.

These include a high performance diffuser, two-zone combustion system and se_-
mented li_ers.

The diffuser section consists of a short prediffuser and dump region and the
inner and outer annu]i around the combustor liners. The prediffuser flowpath
is a strutless, curved-wall design that turns the high-pressure compressor
exit flow towards the combustor center line to reduce pressure loss from flow
turning in the combustor hood section. The dump region contains the structural
struts which are designed as aerodynamic members of the diffuser to minimize
combustor flow maldistribution and to enhance liner durability and pattern
factor.

The combustor has two distinct combustion zones-- a pilot and a main zone. The
pilct zone operates at all flight conditi_n_ and is designed to minimize emis-
sions at idle, plus ensure adequa+e stability and relight characteristics. In
the main zone lean combustion occur_ to minimize oxides of nitrogen and smoke.
This zone is operative at ccgditions above idle. In comparison to current
single-zone combustors, this two-zone system provides more effective control
of exhaust emissions throughout the flight spectrum.

Emissions reduction is further enhanced by the adaptatio_ of the Vorbix com-
bustion method (vortex mixing and burning) in the main zone. This approach, as
demonstrated under the Experimental Clean Combustor Program, exploits the
benefit of swirling airflow to promote a rapid and thorough mixing of the fuel
and air for a more uniform combustion process. The fuel injector in the pilot
zone is a single pipe aerated design that relies on the shearing action of low
velocity fuel surrounded by high velocity air streams for improved atomization.
In the main zone, a compact carburetor tube injection system mixes the fuel
and air prior to introduction into the combustion zone for better atomization
and lower smoke emissions.

Both combustion zones are enclosed by a unique segmented liner construction.
Although it represents a considerable departure from conventional 3ouvered
designs, this concept offers the potential for superior durability, better
maintainability and the capability to operate at higher combustion pressure
levels. The segments, as shown in Figure 3.1-2, are cast from an advanced
nickel ba_e a_uy. Effective heat transfer i s_provided with minimum cooling
air by the use of a counter-parallel FINWALL.k_cooling technique.
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Hot gas

Cooling flow

ORt_!NAL P/I.GE !$

OF PO0_ QL,_:-I_Y

Figure 3.1-2

I

Advanced Segmented Liner With Counter-Parallel FINWALL(_)

Coo iing Technique

3.2 PREDICTED PERFORMANCE

The combustor performance goals are outlined in Table 3.2-I. This table also

shows the levels demonstrated during a related supporting technology test
program, using a 90-degree sector of the Energy Efficient Engine combustor

component. As indicated, all performance goals were successfully met or sur-

passed. Emissions goals for carbon monoxide and unburned hydrocarbons were

surpassed, while the goal for oxides of nitrogen, considereu very difficult
for high pJessure ratio engines, was closely approached.

Testing also served to demonstrate the structural integrity of the advanced

segmented liner design. This liner system offers a predicted life of 11,700

hours for the engine combustor component, which well exceeds the design goal
oF 8000 hours.

In summary, these results substantiate the technology features in the combustor

design as well as the effectiveness of a two-zone system in reducing emissienSo

L
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TABLE 3.2-I
ENERGY EFFICIENT ENGINE COMBUSTORCOMPONENTGOALS

AND DEMONSTRATED PERFORMANCE

Lou vere d ( 2 ) Segmented (3 )
Goal (max) Liner Liner

Exhaust EmissigQ _
Hydrocarbons _j 0.4
Carbon Monoxide (1) 3.0

Oxides of Nitrogen (1) 3.0
Smoke, SAE Number 20

Pattern Factor 0.37

Section Pressure Loss, (%PT3) 5.5
Exit Radia] Profile, Z_°C (Z_°F) 139 (250)

0.18" 0.26** 0.26* 0.38**
1.54" 2.07** 1.71" 2.30**
3.80* 4.65** 3.85* 4.70**

1 4
0.15 0.26
5.37 5.22
39 (70) 83 (150)

(peak to avg)

(*) As measured

(**) Includes margins for development and variability

(l) Environmental Protection Agency Parameter (pound pollutant/lO00 pounds-thrust
hour/cycle).

(2) Tested up to 1.6 MPa (230 psia).

(3) Tested up to 3.1 l_a (445 psia).
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SECTION 4.0
COMBUSTORAERODYNAMIC DESIGN

4.1 AERODYNAMIC DESIGN GOALS

The design goals for the Energy Efficient Engine combustor component app!y to
both the future flight propulsion system and the integrated core/low spool.
Figure 4.1-I graphically presents the combustor exit temperature goals. As
indicated, the maximum pattern factor at sea level takeoff conditions is U.37.
The average exit radial temperature profile factor is 0.17 with a 139°C
(250°F) peak to average differential limit. Altitude relight and lean blowout
characteristics must be adequate to allow safe aircraft operation in commer-
cial service.

pATTERN/RADIAL

PROFILE FACTOR.

T4LOCAL - T4AVG

T4AVG - T 3

°,F
0 37

03

02

i_AXIMUM PATs_TRojFACTOR GOAL

AVERAGE RA_IIAL PROFILE

-ol I |

0 20 40 60 80 1 O0

PERCENT SPAN

Figure 4.1-I Combustor Exit Temperature Goals

The total pressure loss goal of 5.5 percent of the tota] compressor exit pres-

sure is based on a diffuser pressure loss of 3.0 p_rcent and a liner pressure

loss of 2.5 percent. The diffuser loss includes the attendant losses in the

prediffuser, dump and inner and outer annuli. The 2.5 percent liner loss goal

is necessary to ensure a positive turbine cooling supply pressure.

%



Emissions goals are consistent with the original 1981 Environmental Protection

Agency emissions regulations to control exhaust pollutants for newly certified

engines below an altitude of 914 m (3000 ft). Values for carbon monoxide (3.0),
unburned hydrocarbons (0.4) and oxides of nitrogen (3.0) are based on the

Environmental Protection Agency Parameter of pound pollutant per 453 kg (lO00

Ib) thrust hour cycle. The smoke goal is a maximum Society of Automotive

Engineers (SAE) smoke number equal to or below 20 over the range of operation.

4.2 AERODYNAMIC DESIGN APPROACH

The basic aerodynamic definition of the combustor was established durino the

preliminary design phase of the Energy Efficient Engine Program. This prelimi-
nary definition was predicated on design criteria that reflected both the

program go_ls and overdll eng_nc cycle requirements. It was also influenced

significantly by the experience acquired from the earlier Experimental Clean

Combustor Program. In essence, the Energy Efficient Engine combustor design is
an evolutionary extension of the Vorbix combustor technology evaluated under

the Experimental Clean Combustor Program.

The final component design was influenced largely by the results of the

Diffu3er/Combustor Model Test Program and the Sector Combustor Rig Test

Program, which were in process concurrent with the design effort. These

programs provided diagnostic and technical guidance as well as design
substantiation.

4.2.1 Vorbix Type Combustor

The two-zone Vorbix combustor of the Experimental Clean Combustor Program was

selected as the type of design for the Energy Efficient Engine combustor com-

ponent. A cross-sectional view of the Vorbix configuration is shown in Figure

4.2.1-I. The combustor has two axially-separated burning zones, a pilot an_ a

main zone, each independently fueled and each optimized for one extreme of the

engine operating range. Separating both fuel and air introduction into two
distinct zones allows the pilot zone to be designed for the high efficiency

required for low idle emissions, while the main zone can be optimized for low
oxides of nitrogen emissions.

The pilot zone is a conventional swirl-stabilized bulkhead-type combustor with

fuel injected directly into the combustion zone. It is sized to provide a heat

release rate consistent with high combustion efficiency, i.e., low carbon mon-
oxide and total unburned hydrocarbon emissions, at the low pressures and tem-

peratures associated with idle operation with all fuel injected into the pilot
zone.

Vorbix (vortex burning and mixing) is a concept applied in the main zone to

reduce the formation of oxides of nitrogen, while retaining high combustion

efficiency. This concept employs basic combustion principles and takes advan-

tage of the staging concept to enhance its application. To achieve low levels

of oxides of nitrogen, relatively short residence times in a low temperature

environment are required. However, the antithesis of these conditions is re-

quired for low levels of carbon monoxide and unburned hydrocarbons. Conse-

quently, an extremely delicate balance of time and temperature in the burning
and mixing region is necessary. The process is further complicated by fuel

preparation. If liquid droplets persist after the burning and mixing region,

excessive levels of carbon monoxide and hydrocarbons can be produced.

]0
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Figure 4.2.1-I Experimental Clean Combustor Program (ECCP) Vorbix Combustor

The Vorbix configuration evaluated under the Experimental Clean Combustor
Program was successful in satisfying the rigid constraints on the burning and
mixing process. In this design, as shown in Figure 4.2.1-I, main zone fuel is
introduced into the hot gases at the exit of the pilot zone to provide partial
mixing and prevaporization before entering the main combustion zone. The rich
fuel mixture enters the main zone with a degree of homogeneity exceeding that
of a conventional combustor where the liquid fuel is injected directly into
the combustion region. This method of fuel preparation is essential for com-
plete combustion with rapid mixing induced by introducing main zone combustion
air through swirlers on both the inner and outer liners. Rapid mixing is es-
sential to reduce the time at the high temperatures produced by the reaction
of the rict fuel/air mixture at the interface between the swirler air and the
pilot exhaust gases. This accelerated mixing process is the key to lower levels
of oxides of nitrogen.

In comparison to the Energy Efficient Engine Program's reference JT9D-7A en-
gine combustor, the Vorbix configuration reduced oxides of nitrogen by 58 per-
cent, carbon monoxide by 69 percent and unburned hydrocarbons by 96 percent
(Ref. I). Maximum smoke emissions, however, exceeded the goal of the Experi-
mental Clean Combustor Program by approximately 50 percent. In terms of per-
formance, combustion efficiency and exit temperature profile were cGmparable
to the production engine combustor. However, certain other deficiencies were
noted in the areas of durability, coking and altitude relight.

The aerodynamic definition of the Energy Efficient Engine combustor builds on
the emissions reduction technology demonstrated with the Vorbix concept and
addresses the areas of deficiency.

]!
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Besides the Energy Efficient Engine Program goals for performance and exhaust

emissions, the design criteria addressed aspects that would provide commercial
attractiveness. These include durabi]ity, !ow weight, nlechanical simplicity,

maintainability, and low cost.

Of particular importance is mechanical simplicity. A two-zone combustor is
inherently more complex than a conventional single zone-design because of the

fuel staging r_quirement, method of fuel-air preparation and greater amount of
liner surface area requiring cooling. This complexity is an impediment toward

achieving low weight, low cost and better maintainability. In the aerodynamic
definition, a major emphasis was placed on establishing a compact combustion

system design with a fuel-air management approach more amenable to a commer-

cial application.

Engine and cycle requirements dictated the design point conditions as well as

the thermal and mechanical constraints imposed on the aerodynamic definition.

Unlike the other engine components which are designed for a cruise condition,

the combustor design point is the takeoff condition. This is the most strin-

gent condition in terms of inlet pressure and exit temperature in the Energy

Efficient Engine flight envelope. Table 4.2.2-I presents a comparison of the

combustor operating parameters at takeoff and the cruise condition.

TABLE 4.2.2-I

COMBUSTOR PERFORMANCE PARAMETERS AT THE

TAKEOFF DESIGN POINT COMPARED TO THE CRUISE POINT

Takeoff* Cruise

Inlet Corrected Flow, kg/sec (Ib/sec)

Inlet Pressure, MPa (psia)
Total Pressure Loss, %

3.15 (6.96)

3.1 (448)

5.58

3.13 (6.91)

1.4 (203)

5.50

Inlet Temperature, °C (°F)

Exit Temperature, °C (°F)

Temperature Rise, °C (°F)

567 (I053)

1435 (2615)

850 (1562)

481 (898)

1298 (2370)

800 (1472)

Combustion Efficiency, % 99.95 99.95

* Hot day, 29°C (84°F) ambient condition

4.2.3 Supporting Technology Programs

In the design process, the results from the related supporting technology

programs were used to verify the aerodynamic concepts and definition of the

diffuser/combustor system. The Diffuser/Combustor Model Test Program (Ref. 2)

was conducted to document and optimize the aerodynamic performance of the

prediffuser/combustor section. A full scale, full annt_lar model rig was de-
signed and tested to investigate the effects of various configurational

changes on pressure loss and flow separation characteristics. The significant
results from this effort are summarized in Section 6.0.

12
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Refinement as well as substantiation of the combustor aerodynamic design was
accomplished during the Sector Combustor Rig Test Program (Ref. 3). The signi-
ficant results from this effort are also summarized in Section 6.0.

4.3 DiFFUSER/COMBUSTOR AERODYNAMIC DESIGN

The design of the Energy Efficient Engine, particularly the single stage high-
pressure turbine, influenced the aerodynamic def1,,ition of the diffuser/
combustor system. The large diameter of the turbine required that the com-
bustor accommodate a relatively large offset between the high-pressure com-
pressor exit and the turbine inlet. In addition, the straddle mounted, or
simply-supported, high-pressure spool supporL system eliminated the require-
ment for a bearing support within the annular combustor and tie thick diffuser
case struts used to contain the bearing service lines in conventional designs.
These factors, combined with the desire for a short burner and overall section
length for ]iner durability, engine weight and performance considerations, led
to the combu;tion system flowpath shown in Figure 4.3-I. This design is pre-
dicated on the use of a strutless, curved-wall diffuser, an integrated dump/
burner front end region with structural shuts, and a short axially-staged
combustor using main zone carburetor tube air-fuel inlets located in the outer
airflow annulus.

The aerodynamic design of the diffuser and combustor is described in the
following sections.
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Figure 4.3-1 Energy Efficient Engine Combustor Flowpath Hot Dimensions
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4.3.1 Diffuser Section

The diffuser section consists of the prediffuser, dump section and combustor

case inner and outer annuli. These subassemblies, along with other features of

the diffuser section, are shown in Figure ¢.3.1-I.

ANNULAR

CURVED WALL

TURBINE COOLING -"---7

AIR BLEED PORT ../

TANGENITIAL _ f'
ON-BOAJqD

INJECTION

COMPRESSOR j
EXIT GUIDE VANE

CUSTOMER BLEED

PLANE

OUMP REGION

STRUCTURAL

STRUTS (24)

COMBUSTOR

HOOD

\

OUTER ANNULUS

qb.

Figure 4.3.1-I Energy Efficient Engine Combustor Diffuser Section

The annular prediffuser is a strutless, curved-_all design that slows and

turns the high-pressure compressor exit air towards the outward canted combus-

tOro Air exiting the prediffuser at the dump plane and not entering the

combustor front end through openings in the hood around each pilot fuel in-

jector is guided smoothly into the inner and outer annuli by the combustor

hood. Twenty-four thin aerodynamically-shaped struts are located in the low

velocity region between the prediffuser exit and the hood to provide the

connecting structure between the inner and outer walls of the diffuser case.

The outer annulus is designed to accommodate the blockage resulting from the
main zone fuel injectors.

The diffuser design inlet Mach number is 0.28. The overall diffuser pressure

loss is approximately 2.7 percent of the total high-pressure compressor exit

pressure, which is less than the goal of 3.0. This low loss level has been

confirmed by both model and sector rig tests.

14
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The prediffuser is designed to maintain stable, separation-free airflow at all
operating conditions, provide diffusion anll tur_ing in a relatively short
length, and meet the overall pressur,' loss gaal. The large radial offset be-
tween the high-pressure compressor exit and the high-pressure turb _ e inlet
required the use of a curved-wall prediffuser. This type of flowpaLn is neces-
sary to tur,_ the airflow outward to better align it with the combustor center-
line and reduce _he pressure losses associated with airflow turning around the
front end of the canted combustor. In contrast to most straight wall designs,
the flowpath is free of structural struts to preclude the possibility of cross
flows on the strut surfaces as a result of spanwise static pressure variations
in the curved-wall prediffuser.

Prediffuser Flowpath

In the design evolution, the preliminary or baseline prediffuser configuration
was ambitious from an aerodynamic standpoint. This design had a 1.5 area ratio,
a short length to inlet height ratio (3.0), and a lq-degree turning angle re-
lative to the engine centerline. After results of preliminary analyses indi-
cated that this amount of turning might be too aggressive in the short length,
outward canting of the compressor exit guide vane was evaluated as an alterna-
tive approach.

The benefit to the prediffuser for varying the amount of outward turning of
the high-pressure compressor exit guide vanes from zero to eight degrees is
indicated in Figure 4.3.1-2. As shown, the impact is most significant on the
outer wall where separation is the primary concert. Results of tills study
indicated that five degrees of outward cant in th, exit guide vanes would
improve the wall static pressure coefficient and, thereby, be aerodynamically
beneficial to both the prediffuser and the high-pressure compressor.

i"

Another parametric study was undertaken to determine the effects of length,
amount of turning and rate of axial diffusion on the prediffuser design. This
study assumed a prediffuser area ratio of 1.5 and a compressor exit guide vane
cant angle of five degrees. The results are presented in Figure 4.3.1-3 in
terms of diffuser pressure loss versus prediffuser nondimensional length. Also
shown are the design pressure loss goal and the regions of prediffuser stable
and unstable operation. In addition, lines indicating the total amount of
turning relative to the engine centerline are shown. These results show that
the baseline design, with a nondimensional length of 3.0 and 19 degrees of
airflow turning, operated in the unstable region. Stability was achieved by
increasing the nondimensional length to 3.5 and reducing the amount of turning
to 14 degrees. As indicated ;n Figure 4.3.1-3, this recommended design was
estimated to have a pressure loss below the goal.

Prior to selecting the final configuration, the recommended design as well as
two more aggressive variations (one having an increased area ratio and less
turning and the other having a shorter length) were evaluated in the Diffuser/
Combustor Model Test Program. These tests verified the superiority of the re-
commended prediffuser design, by demonstrating low pressure loss, good pres-
sure recovery and separation-free operation. In addition, it had insensitivity
to ihlet profile, air extraction, and dump spacing variations and annuli flow
split variations.

]5
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A summary of the prediffuser final aerodynamic design is presented in Table
4.3.1-I.

TABLE 4.3.1-I
SUMMARYOF FINAL PREDIFFUSER _'-RODYNAMIC GEOMETRY

Area Ratio

Length, cm (in)

Length/In let Height

Airflow Turning Angle

(with CEGV), deg

Inlet Mach Number

Exit Mach Number

Total Pressure Loss, %

1.5

7.1 (2.8)
3.5

14

0.28

0.18
0.8

Prediffuser Bleed Requirements

The prediffuser aerodynamic definition considered air extraction locations for

customer bleed air and high-pressure turbine tangential on-board injection

(TOBI) cooling air. As shown in Figure 4.3.1-I, air for customer usage is

extracted downstream of the high-pressure compressor exit, which is typical of

modern aircraft gas-turbine engines. In contrast, th_ extraction of tangential

on-board injection air forward of the high-pressure compressor exit guide vane

differs from current engine design practices. A low-pressure customer bleed

flow of 9.3 percent of the total hig_-pressure compressor exit flow was de-

fined as representative of service requirements. The tangential on-board in-

jection bleed extracts 3.5 percent of the compressor exit flow for turbine

cooling.

Tangential on-board injection air extracted from the diffuser case is normally

of sufficient pressure to ensure proper operation. Analytical studies, how-

ever, predicted that the Energy Efficient Engine would experience signifi nt

windage losses at the high-pressure compressor rear hub with this approach be-

cause of the relatively large hub surface area and the high operating speed.

This would expose the hub to higher temperature levels, thus requiring extra

cooling to maintain the desired temperature.

Additional analysis indicated that extracting the air ahead of the exit guide

vane would be a more efficient approach. At this location, the air would con-

tain sufficient swirl to greatly reduce the windage losses and result in lower

operating temperatures for the rear hub. As a secondary benefit, the efficiency

of the tangentia] on-board injection system itself would be improved because

of the lower temperature of the supply air. In turn, the amount of air re-

quired for cooling could be reduced, lhis method provided a sufficient pres-
sure level to ensure choked operation of the tangential on-board injection

system.

]7
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The aerodynamic design of the high-compressor exit guide vane was accomplished

under the compressor design effort. As stated previously, the exit guide vane

is designed with five degrees of outward cant. The exit guide vane, as inte-

grated in the prediffuser flowpath, is shown in Figure 4.3.1-4.

Figure 4.3.1-4 Combustor Prediffuser Section with Compressor Exit Guide Vane

A single row controlled diffusion design was selected with the intent to

capitalize on the potential for short length, fewer airfoils and the lower

weight inherent with a single row as opposed to a double row design. However,

enough axial space was provided in the event that a double row approach would
be necessary.

The vane aspect ratio is 0.52 and the pitch to chord ratio is 0.4 to limit the

diffusion factor to an acceptable level. The resultant airfoil profile and

spacing is illustrated in Figure 4.3.1-5. A summary of airfoil design aerody-
namics is contained in Table 4.3.1-II.

4.3.1.2 Diffuser Dump Region

The initial dump region, which is at the prediffuser exit, is defined by the

diffuser case height and contour. This region is sized to provide positive
separation, or dump, of the prediffuser exit. flow without immediate flow

attachment to the case walls. The combustor hood is axially and radially

located downstream of the prediffuser exit to divide the flow and guide it
smoothly into the inner and outer annuli and the combustor front end with

minimum pressure loss. The design flow splits, shown in Figure 4.3.1-6, were

determined from the Diffuser/Combustor Model Test Program.

18



Figure 4.3.1-5
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The design of the dump region is based on data obtained from Pratt & Whitney
ircraft Independent Research and Development programs and combustor design

experience. The dump gap, defined as the length between the prediffuser exit
and combustor hoo_., is a compromise considering aerodynamic pressure loss and
structural strut requirements. The gap length is 1.24 cm (2.85 in). Although
this is somewhat greater thaT: the aerodynamic optimum, it does not incur a
significant pressure loss penalty.

Elimination of the bearing service lines through the diffuser allowed the use

of aerodynamically-shaped struts in the dump region to provide the structural

connection between the diffuser inner and outer case walls. The dump region is
designed with a total of 24 struts. This number of struts enables the use of a

thinner and sherter geometry to achieve L_e necessary structural integrity. In

comparis q to the thick struts used il.current engine designs, a thin design
reduces ressure loss and low pressure wake regions downstream in the inner

and out.r annuli. In turn, this reduces associated liner hot streaks, improves
liner durability and enhances the attainment of a low pattern factor.

On the basis of structural analyses, modifications were required to the initial

strut geometry. The modifications consisted of thickening the trailing edge

from 0.317 to 0.762 cm (0.125 to 0.300 in), along with extending the inner
chord length, as shown in Figure 4.3.1-7.

Aerodynamically, the revised configuration only slightly increases the total

pressure loss. Figure 4.3.1-8 shows the results of performance testing during

the Diffuser/Combustor Mode" Test Program. Although the diffuser pressure loss
increased 0.2 percent with the revised strlt, the overall loss level is below

the goal. Also shown in Figure 4.3.1-8 are the inner shroud wake rake traverse
results. These data confirm the absence of wakes in the inner shroud flow with

both the original and modified strut designs.

4.3.1.3 Inner and Outer Annuli

The inner and outer annuli are designed to minimize diffuser pressure loss and

provide a positive static pressure difference across the liner at all locations

to prevent aspiration (local reverse flow). Both annuli are sired to ensure a

normal air velocity of less than or equal to 45 m/sec (150 ft/sec) over the

full length of the annuli at the design airflow. The outer annulus is sized

based on a net airflow area that accounted for blockage by the fuel injector

support assemblies and the carburetor tubes.

4.3.2 Combustor Section

The combustor is a two-zone design for effective emissions control throughout
the entire operating range. The pilot zone is designed to minimize idle emis-

sions and provide adequate stability and relight characteristics. In the main

zone, lean combustion occurs to minimize the formation of oxides of nitrogen
and smoke.

As shown previously by the flowpath definition in Figure 4.3-I, the axial

length of the combustor flowpath is 24.1 cm (9.5 in). The internal flowpath
height at the dome of the pilot zone is 8.6 cm (3.4 in) and tapers to a height

of 6.8 cm (2.7 in) at the exit plane. Relative to the engine centerline, the

combustor cant angle is 19 degrees, and the maximum radial height, as measured
at the exit, is 42.1 cm (IG.6 in).

2!
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4.3.2.1 Pilot Zone
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The aerodynamic definition of the pilot zone is based on the design and test

experience acquired during the Experimental Clean Combustor Program (ECCP). in
the Energy Efficient Engine combustor, the pilot zone is a direct fuel injec-

tion swirl-stabilized design with fue] introduced through single pipe aerated

nozzles. Compared to a scaled Vorbix combustor, the pilot zone is designed

with an increased volume and dome height. This results in a lower heat release
rate, lower velocity and higher residence time, which are conducive to reduced

low-power emissions and good relight and stability characteristics. Table

4.3.2-I presents pilot zone key parameters for the Energy Efficient Engine

combustor and the configuration for the Experimental Clean Combustor Program.

TABLE 4.3.2-I

COMPARISON OF PILOT ZONE PARAMETERS

(Energy Efficient Engine and ECCP Vorbix Design)

ECCP

Vorbix

Dome Height, cm (in)

Length, cm (in)
Pilot Zone Heat Release Rate,

Joules/_ 3 hr atm
(Btu/ft ° hr atm)

Characteristic Velocity, m/sec (ft/sec)
Residence Time, msec

Fuel Injectors
Number

Type

Energy Efficient

Engine Combustor

8.8 (3.5) 8.6 (3.4)
15.2 (6.0) 10.9 (4.3)

124.8 x lO7_ 67.0 x ]07

(12.3 x 106 ) (6.6 x 106 )

12 (40) 7 (24)
12 16

30 24

Pressure Aerated
Atomized

Figure 4.3.2-I shows a cross sectional view of the single pipe aerated injec-

tor design. This type of in.iectors relies on shearing of low velocity fuel by

the surrounding high velocity airstreams to achieve good fuel atomization. The
internal and external airstreams are corotationally swirled to distribute the

fuel and provide the recirculatory flow required for combustion stability.

The combustor hood is designed to provide sufficient volume to achieve a uni-

form, high static pressure air feed of at least 99 percent of the diffuser
inlet tota] pressure to the fuel injectors and combustor bulkhead. This is

necessary to meet emissions goals as well as desirable for exit temperature

pattern development and liner durability. Hood openings, which are located
around each pilot injector, capture the air for the combustor front end These

openings were initially sized to pass 11 percent of the inlet flow with mini-
mum spillage and impact on inner and outer annuli airflow over the hood. How-

ever, to prevent an interference between the F_lot fuel injector and combustor

hood, the capture area was increased to pass approximately 15 percent of the
inlet flow.
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Figure 4.3.2-I Single Pipe Aerated Pilot Fuel Injector

Optimization of the pilot zone airflow schedule was successfully accomplished

during the related Sector Combustor Rig Test Program. The relative percentages

of the final airflows are indicated in Figure 4.3.2-2. Testing demonstrated
that carbon monoxide and unburned hydrocarbons are minimized at idle by main-

taining an equivalence ratio of approximately 1.2. At high power conditions,

the equivalence ratio is reduced to approximately 0.35 to minimize the forma-
tion of oxides of nitrogen. The minimum equivalence ratio for the pilot zone

is defined by overall lean blowout considerations, combustion efficiency and

the requirement to maintain a sufficient pilot zone temperature to vaporize
and ignite the main zone fuel.

4.3.2.2 Main Zone

The main zone design reflects a substantial refinement over its precursor-

the Vorbix. This zone is designed with a short length of 13.2 cm (5.2 in) to

reduce the liner surface area and resulting cooling requirements. Residence

ti_m, however, was maintained near the Vorbix design level to ensure complete
combustion. Table 4.3.2-II presents main zone key parameters for the Energy

Efficient Engine combustor and configuration for the Experimental Clean

Combustor Program.

Besides the apparent geometry differences, a major difference between the two

designs is the method by which fuel is injected into the main zone. In the

Vorbix combustor, fuel is injected directly into the combustion zone through
pressure atomizing nozzles where it mixes with swirling air jets introduced
through the inner and outer liners (see Figure 4.2.1-1}. This method of fuel-

air mixing has been significantly refined by the compact carburetor tube

arrangement used in the Energy Efficient Engine combustor component.
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TABLE 4.3.2-11

COMPARISON OF MAIN ZONE PARAMETERS

(Energy Efficient Engine and ECCP Vorbix Design)

Height, cm !in)
Length, cm (in)
Velocity, m/sec (ft/sec)
Residence Time, m sec
Fuel Injectors

Number
Type

ECCP

Vorbix
Energy Efficient
Engine Combustor

8.1 (3.2) 6.6 (2.6)
23.6 (9.3) 13.2 (5.2)
51 (170) 26 (88)
5 4.4

60 48
Pressure Carburetor Tube
Atomized

A cross-sectional view of the carburetor tube injection system is shown in

Figure 4.3.2-3. This design, which is based on the results of the Sector

Combustor Rig Test Program, premixes the fuel and air prior to injection into

the combustor for better atomization. Fuel is supplied to each of the 48 car-

buretor tubes by a simplex pressure atomizer. A fraction of the fuel is vapor-

ized in the tube and the remaining fuel is centrifuged to the walls of the

tube by air introduced through a radial inflow swirler. The fuel film formed

at the exit plane of the tube is sheared into droplets by the swirling core
and secondary airflow jets.

CORE

FLOW
SECONDARY

FLOW _

I _ I I:_:_P / AXIAL

_ _ AIR SWIRLER

RADIAL
FUEL

INFLOW

SWIRLER

Figure 4.3.2-3 Carburetor Tube Main Zone Injector
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COOLANT
HOT SIDE

t
COOLANT

Figure 4.3.2-4 Counter-Parallel FINWALLCR_Cooling Technique

The core radial inflow swirler consists of ten curved vanes with an overall
width of approximately 1.75 cm (0.7 in). The secondary airstream swirler con-
tains nine 20-degree axial vanes.

The relative percentages of main zone airflow are shown in Figure 4.3.2-2.
Most of the combustion air is supplied through the carburetor tube core and
secondary passages. The remaining airflow enters the combustor through dilu-
tion holes in the liners and cooling air slots on the cold side of each panel.
A main zone equivalence ratio of approximately 0.7 results at sea level take-
off conditions if 50 percent of the inner liner wall dilution air, along wilh
the total carburetor tube flow, is included in the combustion process.

4.3.2.3 Segmented Liner

The requirement for a segmented liner design was dictated by the life goal of

8000 hours, the high combustor operating pressure at sea level static takeoff
conditions and the liner cooling airflow limit of 35 percent of the total com-

bustor airflow. This liner cooling limit was established tJ ensure adequate

air supply for dilution and e_issions control. The liner is designed for a

pressure loss of 2._ percent of the total high-pressure compressor exit

p_essure.
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The ir,_er and outer liners, which define the combustor gas path, are formed by

arranging the segments circumferentially in both the pilot and main zones. A

total of 120 segmen,;s is contained in the full annular combustor. The inner

combustor liner is comprised of 48 segments while the outer liner is comprised

of 72 segments. A typical segment is illustrated in Figure 4.3.2-4. Segments

range in size fro_; the smallest with a length of 6.3 cm (2.5 in) and width of

9.9 cm (3.9 in) to the largest with a length of 12.1 cm (4.8 in) and width of

10.9 cm (4.3 in). Axial feather seals on the sides of the segments are used

to control leakage between adjacent segments.

The total _iner surface area requiring c_oling is 1.2 m2 (]2.7 ft2), 0.5
m2 (5.3 ftL) in the pilot zone and 0.7 mL (7.4 ft2) the main zone. The

method selected for cooling, based on thermal analyses of sev_ral concepts as
described in Section 5.3.3.2, is the counter-parallel FINWAL_IKL_)technique.

This is an advanced convective/film cooling approach that permits more effec-

tive heat transfer with less cooling air.

The flowpath for this technique is shown in Figure 4.3.2-4 and consists of a

series of axial cooling holes 0.088 cm (0.035 in) in diameter located 0.165 cm
(0.065 in) on center across the panel. Cooling air enters the liner through

0.444 by 0.152-c_ (0.175 by O.060-in) slots on the liner cold wall. At sea
level takeoff, the coolant temperature is 565°C (1050°F) and the pressure is

3.1 MPa (448 psia). The air flows upstream and downstream in the discrete

cooling pa sages, and the exiting air flows along the hot liner wall to pro-

vide a cooling film. The use of high temperature capability material (B-1900 +

Hf) allows operation at a maximum metal temperature of I037°C (1900°F).

!
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SECTION 5.0

COMBUSTOR THERMAL-MECHANICAL DESIGN

5.1 THERMAL-MECHANICAL DESIGN GOALS AND PHILOSOPHY

The objective of the mechanical design effort was to provide a commercially

acceptable combustor configuration that would meet the performance and emis-

sions goals described in Section 4.1 within t_,econstraints of the aerodynamic

definition. The specific goal for component life/durability is 8000 hours or

4900 cycles. _is level is consistent with commercial service requirements.

The technical approach employed to achieve this objective was based on three

advanced technology concepts: a curved-wall, strutless prediffuser; a two-zone

combustion system; and segmented liners. Incorporation of these concepts into

the component design resulted in a compact diffuser/combustor arrangement com-

pared to the Vorbix and reference JTgD-7A combustors.

5.2 DESIGN APPROACH

The design effort was an evolutionary process, in which the preliminary design

incorporated reference data available from the NASA Experimental Clean Com-

bustor Program and Pratt & Whitney Aircraft Independent Research and Develop-

ment programs. The mechanical design was also based on results from the aero-

dynamic design effort.

During the preliminary design, primary attention was directed towards: (1)

defining the front end structural characteristics, particularly the diffuser

case and structural struts; (2) assessing liner durability; and (3) determin-

ing a fuel injector clustering arrangement that would permit casting the

diffuser c_se while minimizing wall penetrations to improve case structural

integrity. As the design progressed, results from the supporting technology

programs, particularly the Sector Combustor Rig Test Program, were used for

optimization of the base configuration.

The most notable change in the design approach involved the combustor liners.

Initially, it had been hoped that life goals could be achieved with a conven-

tional film-cooled louvered construction using Hastelloy X material for the

outer shell and an oxide dispersion strengthened (ODS) alloy for the gas side

section. However, preliminary analysis indicated that the goals were unattain-

able with the- :onfiguration because of high pressure/temperature operating
levels and the limited c_oling airflow available for the liner. Consequently,

thermal and structural design studies were conducted to screen various convec-

tive cooling techniques offering a higher thermal effectiveness (see Section

5.3.3.2) than film cooling.
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5.3 COMBUSTORTHERMAL-MECHANICAL DESIGN

The combustor component assembly is comprised of four major subassemblies.
These include: (I) the high-pressure compressor exit guide vanes; (2) the dif-
fuser case, including the prediffuse,', bleed manifold, and struts; (3) the
combustor, including hood, bulkhead, segmented liners, liner support struc-
tures, and carburetor tubes; and (4) the fuel management systen_, including
fuel ignitors, fuel injectors, fuel manifold, and a circumferential fuel sys-
tem shroud. Information pertaining to the mechanical and structural designs of
these subassemblies is presented in the fu!lowing sections.

_.3.1 High-Pressure Compressor Exit Guice Vanes

5.3.1.1 Mechanical Design Features

The desiqn of the high-pressure compressor exit guide vaqe assembly was in-
cluded in the design of the combustor component because of its interaction
with the prediffuser duct, as shown in Figure 5.3.1-l. The exit guide vanes
are mounted on an inner and outer platform with a turbine-style vane foot
attachment. The vane assembly is comprised of lO0 detail vanes machined from
Inconel 718 bar stock and welded together to produce 20 five-vane clusters
supported off a shelf on the diffuser case. The five-vane cluster approach was
chosen as a judicious compromise to satisfy the requirements for damping, high-
pressure compressor stage interaction, assembly, leakage, and fabrication con-
siderations. For the integrated core/low speol, vanes are machine fabricated
because it is a low cost approach that meets the lead time requirements. The
exit guide vane assemblies for the flight propulsion system will be cast.

The vane inner platform has a simple sheet metal seal that attaches to the
prediffuser wall using a vane segment retainer ring to prevent leakage and
recirculation of air at the prediffu%er location. This seal is required at
this location because of the large axial exc rsion of the diffuser case and
the pressure differential (344,740 Pa maximum (50 F-_)) between the axial
flowpath _nd the high-pressure compressor rotor rear _ear,ng compartment which
could result in recirculation of airflow around the root platform. The vane
segment retainer ring is fabricated from Inconel 718 material and fastened to
the primary ring structure with a hollow rivet. A countersunk screw and nut
combination could be also used at this location if the rivet loosens up. Addi-
tional sealing is provided by feather seals at both the inner and outer vane
segment walls to prevent leakage at the segment gaps.

5.3.1.2 Structural Analysis

Structural analysis of the exit guide vane assembly package showed that all
stress levels were within limits, with a maximum stress occurring at the outer
attachment nearest the prediffuser duct as shown in Figure 5.3.1-2. Large air-
foil chords combined with simple outer hook attachments serve to minimize gas
bending stresses in the airfoils; the maximum being 38.6 MPa (5.6 ksi) in the
outer leading edge. By attaching the segments with hook retainers, appreciable
support damping is provided to minimize the risk of fatigue failure.
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Figure 5.3.1-I High-Pressure Compressor Exit Guide Vane Assembly
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5.3.2 Diffuser System
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5.3.2.1 Mechanical Design Features

The diffuser case assembly, shown in Figure 5.3.2-I, includes 24 internal

structural struts, a bleed manifold, and inner and outer cases, all of which

are fabricated from cast and wrought Inconel 718 material. Connected to the

inner flange of the diffuser case is the tangential on-board injection support
case which is designed to sustain a blowoff load of 572,038 N (128,600 Ib)

onto the diffuser case. Located on the outer flange of the diffuser case are

the bleed manifold and ports which take nigh-pressure compressor exit air that

dumps at the prediffuser exit plane and directs this air to the active clear-
ance control system and customer bleed. Welded to this outer flange is an

extension of the diffuser case that is bolted to the high-pressure compressor

rear case to provide the necessary frontal support for the subassembly. The

outer prediffuser wall is integral with the diffuser case casting, whiie the
inner wall is fabricated separately and bolted to the case. Fuel injector sup-

port assenW)ly bosses, combustor support pin bosses, and ignitor bosses are
located in the cast portion of the outer diffuser case. A forged rear skirt is

welded to the outer case casting and bolted at the rear to the high-pressure

turbine case. _is skirt includes a port at the bottom to drain fuel that may

accumulate during engine starting.

The diffuser case for the flight propulsion system will be cast and hot iso-

statically pressed for adequate fatigue strength to meet life requirements.
However, to minimize cost and meet the schedule for fabricating the diffuser

case in the integrated core/low spool, the case will not be hot isostatically

pressed. Although the fatigue strength will b_ lower, it is adequate for the

limited cyclic testing planned for the integrated core/low spool.

TANGENTIAL ON-BOARD

INJECTION SYSTEM SUPPORT CASE

OIFFUSER CASE CAS NG _ _,I ,
_.--, q---._...'-% / / "_. \

BLEED __..

MANIFOLD & PORTS

SU_'ORTBOSSES _ /

FORGED [I

REAR SKIRT

Figure 5.3.2-I Diffuser Case Assembly
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5.3.2.2 Structural Analysis
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The diffuser case design evolved through several iterative configurations. A

preliminary configuration, shown in Figure 5.3.2-2(a), started with simple

radial struts connecting the inner flowpath structure to the outer engine
casing. These struts were configured to carry the large 572,038 N (128,600 Ib)

axial blowoff load imposed on the inner structure by the tangential on-board

injection support case. The design was subsequently modified _o minimize de-

flection at the high-pressure compressor discharge seal that could result from

radial forces acting on the high-pressu,-_ turbine inlet guide vane support.

This modification, shown in Figure 5.3.2-2(b), involved moving the inner sup-

port ring further downstream and canting the strut further downstream to pro-
vide increased stiffness. However, detailed finite element analysis of this

configuration indicated high stresses in the strut trailing edge when exposed

to thermal gradients and blowoff loads, as shown in Figure 5.3.2-3. To reduce
these stresses, another modification was made to thicken the strut at the

trailing edge, fill in the leading edge inner diameter region of the strut and

center the inner support ring closer _o the middle of the strut. These revi-

sions reduced stresses to the acceptable levels shown in Figure 5.3.2-4.

(a) PREUMINARY DESIGN CONFIGURATION
i j

(b) FIRST MODIFICATION

INNER SUPPORT RING

S

OUTER SHELL

C_]TBACK INNER SUPPORT RING

OUTER SHELL

(C)SECOND MODIFICATION

iNNER SUPPORT RfNG

OUTER SHELL

Figure 5.3.2-2 Evolution of the Diffuser Case Design To Satisfy Structural

Requirements
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Figure 5.3.2-3 Finite Element Hodel Showing Stresses Resulting From
Hodifications To The Diffuser Case Struts

Initial

Figure 5.3.2-4 Finite Element Model Showing Stresses Resulting From
Modificatio_s To The Diffuser Case Struts

The Final
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The diffuser case final configuration, Figure 5.3.2-2{c), will meet the flight
propulsion system life goal of 15,000 cycles when hot isostatically pressed.

Figure 5.3.2-5 summarizes the principle stresses in the diffuser case assembly
as calculated for engine operation at hot day sea level takeoff conditions.

5N'C

(11 10"FI

BLOWOFF L. _D

28.8_ 0 Lm| ]_

i ,.., _:

Figure 5.3.2-5 Diffuser Case Stress and Temperature Summary at Sea Level
Takeoff Condition on an 28°C (84°F) Day

5.3.3 Combustor Sect ion

The combustor section, shown in Figure 5.3.3-l, includes the front-end sub-

assembly, the segmented liners and liner support structure, and the carburetor

tubes. A detailed discussion of these subassemblies is presented in the follow-
ing sections.

5.3.3.1 Front-End Subassembly

The front-end subassembly is i11ustrated in Figure 5.3.3-2. The primary ele-

ments are the hood, bulkhead, pilot zone fuel injector guides and heatshields.

The hood directs the airflow exiting from the prediffuser into the inner and

outer flow annuli as well as passes a portion of the air to feed the pilot

zone combustion process. It is supported by the bulkhead, which acts as the

major supporting member connecting the inner and outer liner support frames,
hood and nozzle guides to the engine outer case (vie the combustor mount

pins). The pilot zone fuel injector guide accommodates the relative motion be-

tween the combustor and fuel injector support assembly as well as facilitates

assembly. Heatshields protect the bulkhead support structure from pilot zone

radiation heating. These heatshields are cooled by impingement air from up-

stream of the bulkhead. All major hardware is fabricated from Hastelloy X
material.
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Figure 5.3.3-1 Major Subes:emblies For The Energy Efficient Engine Combustor
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Figure 5.3.3-2 Combustor Front-End Subassembly
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5.3.3.2 Liners and Liner Support Structure
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5.3.3.2.1 Mechanical Design Features

Life requirement for the flight propulsion system combustor liners and other

structural hardware is 8000 hours or 4900 missions to satisfy the short

mission applicatior, for the Energy Efficient Engine. Thermal and structural
design studies were conducted to evaluate cooling techniques that offered high

thermal effectiveness and to identify the most promising liner construction

and material. A film cooled, full hoop, louvered liner was chosen as the base-

line configuration from which to compare the other cooling techniques. Advanced

cooling_concepts such as counterflow film cooling (CFFC), counter-parallel

FINWALL_(CPFW), impingement/transpiration and impingement/film were evalu-

ated. R_sults indicated a cast segmented liner with the counter-parallel

FINWALEIL_)technique improves life by reducing hoop stress and providing
higher thermal effectiveness.

As shown in Figure 5.3.3-3, both inner and outer liners are divided into cir-

cumferential segments in the pilot and main zones. Since the liner is con-

structed of segments, the use of a cast high temperature turbine-type alloy is

possible to further improve liner life. The material selected for life analy-

ses was B-1900 + Hf, an investment cast nickel base alloy with good strength
in the 760 to I037°C (1400 to 1900°F) temperature range.

INNER SUPPORT

\
\

LINERSEGMENTS

OUTER SUPPORT

Figure 5.3.3-3 Combustor Section Illustrating Segmented Liners and Liner

Support Structure
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The segmentsare supported by inner and outer structural frames machined from
Hastelloy X material. Conventionally machined hooks on the back of each seg-
ment engagewith the circumferential rails on the structural franle to position
the segments. Axial and circumferential feather seals control air 7eakage
through the gaps between the adjacent segments. Experience gained in feather
seal techno!ogy from the Energy Efficient Engine High-Pressure Turbine Leakage
Techno!ogy Program (Ref. 4) was used in designing these seals. Slots for these
feather sea3s are installed by electro-discharge machining. In addition to im-
proving cooling air managementand durability, the replaceable segmentsen-
hance componentmaintainability. Liner front-end support is provided by the
bulkhead in the front-e d subassemblywhich, in turn, connects the liner sup-
port structures to the engine case though the use of mount pins.

Counter-parallel FINWALLCI_, illustrated in Figure 5.3.3-4, is primarily a
convective cooling technique that offers higher thermal effectiveness compared
to conventional film cooling nmthods. Air enters the cool s_de of the liner
through slots and flows both upstream (counter to hot gas flow) and downstream
through channels to convectively cool the liner. When exiting from the up-
stream end of the channel, the flow turns 180 degrees and joins th_ downstream
effluent to 'film cool' the liner hotA_%ide. Cooling air feed slots, which
intersect the counter-parallel FINWAL_channels and supply cooling air from
the cold side of the liners, are electro-discharge machined to a di_kension of
0.444 by 0.152 cm (0.175 by 0.060 in). The counter-parallel FINWALLKL_)channels
used to convectively cool the liner hot side are electrochemically machined to
a 0.088-cm (0.035-in) diameter. This n_thod of fabrication was selected as
being the most feasible and cost effective compared to two other fabrication
methods investigated: (i) o_e-piece casting with the cooling geonmtry cast in
place and (2) a multipiece casting and subsequent bonding. The one-piece cast-
ing method required that the cooling channels be formed using 0.088-cm
(0.035-in} diameter quartz rods (approximately 250 rods per segment), which
would be difficult to hold in position during the casting process. The multi-
piece casting and bonding method required a bonding development program to
-stablish new tooling and bonding techniques to successfully fabricate a liner
that meets the high temperature/high pressure requirements.

5.3.3.2.2 Thermal and Structural Analyses Leading to Liner Selection

In conjunction with initial design studies, thermal screening of five differ-

ent candidate liner cooling configurations was conducted at the conditions

identified in Table 5.3.3-I. These conditions are representative of hot day

sea level takeoff operation. Results from this analysis are shown in Figure
5.3.3-5. This figure indicates that the film cooled and impingement/film

cooled louver designs would operate at a nominal maximum wall temperature in

excess of I026°C (1880°F) at 100 percent of available combustor airflow. With

possible 50 - lO0°C (90 - 180°F) increases in wall temperature resulting from
local hot spots caused by maldistribution ef fuel and/or air and material tem-

perature limits, the wall temperature levels preclude the utilization of these

two configurations. The three convecti_(,ecooling configurations (counterflow
film cooling, counter-parallel FINWALLK_),and impingement/transpiration)

operate at maximum nominal wall temperatures below 876°C (1610°F) at I00 per-
cent of available combustor airflow and, thus were chosen for further dur-

ability a_alysis as described in Section 5.3.3.2.3.
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Figure 5.3.3-4 Typical CombustoAr_Liner Segment Illustrating the Counter

Parallel FINWAL_IL_)Convective Cooling Technique

TABLE 5.3.3-I

COtlBUSTOR UPERATII_G COIIDITIUI_SL)URII_GSCKEENING STUDIES

(Hot Day, 29°C (64°F) Sea Level Takeoff Conditions)

Combustor Inlet Temperature °C (°F) 580 {I077)

Combustor Exit Temperature °C (°F) 1482 (2700)

Combustor Inlet Atmospheric Pressure MPa (psi) 3.1 (455.7)

Overall Fuel/Air Ratio 0.028

Liner Pressure Drop, % of PT3 2.5

Durability analysis results indicated life goals could only be_-$chieved with a

segmented liner construction employing counter-parallel FINWALL_Pcooling and
higher temperature capability materials, k detailed thermal analysis was sub-

sequently performed to optimize the candidate convective cooling scheme and

establish the temperature distribution on each of the liner segments. This

analysis was made using deteriorated engine sea level takeoff, hot day (29°C

(84°F) ambient temperature) conditions. The results, presented in Figure

5.3.3-6, indicate the cooling passage size and spacing required to achieve the

liner temperature distribution shown.
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Figure 5.3.3-5 Cooling Technique Analysis Results
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5.3.3-6 Optimized Segment Panel Cooling Geometry for Liners

41



ORIGINAL PAGE IS
OF POOR QUALITY

Conventional sheet metal or machined liners are characterized by very short

thermal time constants. This allows the whole system to adjust rapidly to

changing boundary conditions as experienced in engine snap accelerations and

decelerations. Since there is no thermal lag in such liners, calculation of

thermal gradients at steady state maximum power operation is sufficient to
determine the maximum induced stresses in the liner. Considering the increase

in mass for a cast segmented liner and the relative isolation of the segment

hook from the hot panel, thermal lag might be expected during a transient. To

investigate this possibility, a three-dimensional transient thermal analysis

was conducted on the thickest portion of a longitudinal section of a segment.

The thermal model used in the analysis is shown in Figure 5.3.3-7 and consists

of a narrow slice of a m_lin combustion zone segment, which includes the last
counter-parallel FINWAL-K_cooling panel in the segment, one half cooling
channe I and web thickness, and the rear hook. Typical engine transient snap
acceleration data were used to establish the time variation of the boundary

conditions for the Energy Efficient Engine. The results of the analysis, pre-

sented in Figure 5.3.3-8, indicate that the maximum temperature gradient be-
tween hot and cold side surfaces occurs at about nine seconds after starting

an engine acceleration.

Figure 5.3.3-7 Thermal Model of Longitudinal Section of the Advanced Liner

Segment

Figure 5.3.3-8
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A detailed structural analysis was based on an analytical model that re-

presented the segment geometry, as shown in Figure 5.3.3-9. A finite element

computer program with nonlinear analysis capability was utilized. The non-

linear analysis was used to study any dimensional instability that might

result from accumulating creep and olasticity during cycling. An elastic
analysis was used to set attachment clearances and calculate cyclic life.

FINITE ELEMENT MODEL

Ill
I

SYMMETRY _/ /

DILUTION _ •
HOLE -"'_') I

ATTACHMENT HOOK

- ATTACHMENT HOOK

/ / RAIL

3

il POINTS OF HIGHESTDEFLECTION

HOT SPOT TEMPERATURES , °C (OF)

MAX POWER
SEA LEVEL TAKEOFF
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762 1..-I -_j- ,,
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682 71
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" II s92
 1o97,

397

C746)
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Figure 5.3.3-9 Structural Model of Longitudinal Section of the Advanced Liner

Segment Geometry and Predicted Temperatures

Two conditions were analyzed by the finite element program to determine seg-

ment maximum stresses. These were sea level takeoff and the maximum tempera-

ture gradient during acceleration. The results, shown in Figure 5.3.3-10,
indicate that a maximum stress of 462 MPa (67 7 ksi) was observed when the

maximum temperature difference occurred at the book section during accelera-

tion (condition 2). Maximum stress was consistently located at the ends of the

segment over the attachment rails; axial cracks would eventually be initiated

in streaked segments in those locations. The maximum elastic stress was con-

verted to an equivalent strain that was used to refine the prediction for
crack initiation.
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Figure 5.3.3-10 Advanced Liner Segment Maximum Stress Results

5.3.3.2.3 Durability Assessment

Full Hoop Liner Construction

Results from thermal and structural analyses were utilized to assess life

charact___ristics of liners utilizing counterflow film cooling, counter-parallel
FINWALL_and impingement/transient convective cooling techniques. Liner

lives are generally limited by thermally-induced strains. The axial and radial

liner temperature distributions obtained in the thermal analysis were utilized

to estimate the cyclic life for the three candidate cooling configurations.
Plastic and creep strains were calculated and a strain range partitioning

method was used_,o obtain cyclic lives to crack initiation for the cc nter-
parallel FINWALLL_)and counterflow film cooling techniques. Fracture mechanics

analysis was employed for the impingement/transpiration configuration where
the assumption of an initial crack was made and the subsequent cyclic life for

transpiration hole-to-hole crack link-up was calculated. The results of the

initial life study are presented in Table 5.3.3-II. None of the three cooling

configurations met the Energy Efficient Engine Program life goals i_a full

hoop conventional louvered liner. Although counter-parallel FINWAL_and
counterflow film cooling techniques are /ery similar, the presence of holes in

the hot sheet of the counterflow film cooling severely limits the low cycle
fatigue _ife.
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PREDICTED FULL HOOP LINER LIFE COMPARISON
WITH CANDIDATE COOLING CONFIGURATIONS

(Material: Hastelloy X)

Cooling Scheme Life Relative to Prooram Goals (percent)

Counter-Paral!e] FINWALL_) 50
Counterflow Film Cooling 20
Impingement/Transpiration 20

Segmented Liner Construction

The segmented liner construction was s,lbsequently investigated as a way to
improve life through reducing hoop stress. A life prediction model based on
creep relaxation and ductility exhaustion was used for the counterflow film
cooling and counter-parallel FINWALL_configurations, while a fracture me-
chanics approach was retained for the impingement/transpiration configuration.

The effect of segmenting_.and material type on combustor liner life with
counter-parallel FINWAL_Ik_)cooling is shown in Table 5.3.3-111. The potential
for a fourfold improvement in life, relative to a Hastel_(,y X full hoop liner,
is evident when segments of high temperature alloys such as B-1900 + Hf (PWA
1455) are used. The ranking of candidate segmented configurations with the
different cooling techniques is shown in Table 5.3.3-IV. As the tables indi-

cate, the only segmented con_f_guration that meets or exceeds program goals is
the counter-parallel FINWALLL_cooI_ng technique using B-1900 + Hf material.

TABLE 5.3.3-111

EFFECT OF SEGMENTING AND MATERIAL ON LINER LiFE
(Counter-Parallel FiNWAL_R(-_)Cooling)

Construction Material
Relative Life (Percent)

Program Goal Full Hoop

Full Hoop Hastelloy X 50 I00

Segmented Hastel loy X 80 160

Segmented B-1900 + Hf (PWA 1455) 200 400

TABLE 5-1V

PREDICTED LINER LIFE RANKING FOR SEGMENTED CONSTRUCTIONEMPLOYING CANDIDATE COOLING TECHNIQUES
(Material: B-1900 + Hf)

i Coolin_ Scheme Life Relative to Program Goals (percent)

Counter-Parallel FINWALL_) 200

Impingement/Transpiration 50
Counterflow Film Cooling 20

- " III I
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The structural integrity of the liner design was demonstrated successfully

during the Sector Combustor Rig Test Program at the full pressure and tempera-

ture conditions of the Energy Efficient Engine combustor.

5.3.3.3 Carburetor Tubes

Fuel is introduced into the maln zone through the carburetor tubes shown in

Figure 5.3.3-1!. The carburetor tube design evolved from fuel injector char-

acterization tests described in Section 6.3.1. Fuel is supplied to each of the

carburetor tubes by a simplex pressure atomizer. A fraction of the fuel is

vaporized in the tube, while the remaining fuel is centrifuged to the walls of

the tube by air introduced through a radial inflow swirler. The fuel film

formed at the exit plane of the tube is sheared into droplets by the swirling
core and secondary airflow jets. The core radial inflow swirler consists of

ten curved vanes with an overall width oT approximately l cm (0.7 in). The

secondary airstream swirler contains nine 20-degree axial vanes. The main

nozzle enters the tube through a floating guide that accommodates the relative

displacement between t;e carburetor tube and pressure-atomizing fuel nozzle
and facilitates assembly.

INLET SUPPORT

RIVETS LINER SUPPORT

"-_----------- __-------_---_ STRUCTURE
HOOK

PI N

FLOATING

SUPPORT FUEL NOZZLE CORE AIRFLOW

DOWNSTREAM GUIDE RADIAL INFLOW

SWIRLERS

Figure 5.3.3-I] Combustor Main Zone Carburetor Tube Assembly

Carburetor tube assemblies are cast from Inconel 625 material, a non-cobalt

alloy that provides adequate strength. Because of the complexity of the de-

sign, a two-plece casting approach is utilized with the bond joint (which

separates the castings) being located near the plane of the seco_idary swirlers.

The carburetor tube assembly is supported with a simple riveted joint on the

: outer liner support structure. The downstream end of the tube is supported by

4 pins tnat protrude from the tube casting and engage simple hooks on the liner
support structure.
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5.3.4 Fuel Management System

The combu_tor fuel management system is comprised of the fuel ignitors, fuel
injectors, and injector structural support assemblies, plJs the fuel manifold
safety and manifold shroud. The mechanical design features of these subassem-
blies and a structural analysis of the fuel injector support assemblies are
discussed in the following paragraphs.

5.3.4.1 Mechanical Design Features

Fuel 19nitors

The ignitor plug penetrates the pilot zone outer liner wall. The two ignitor
plugs required for the Energy Efficient Engine combustor are identical and of
conventional design. A dimensional review of ignitors that are currently
available indicated an existing configuration used in the Pratt & Whitney
Aircraft J52 engine could be adapted easily in the combustor component. The
only required modification is an extension of existing mounting threads where
the ignitor threads into the diffuser case near the fuel injector support
assembly and protrudes through the pilot zone outer segmented liner. This
thread extension is shown in Figure 5.3.4-I and provides the necessary pene-
tration into the pilot zone area to allow proper ignition over the range of
conditions representative of the flight envelope. This approach provides the
combustor with an ignitor that is proven reliable and at a substantially lower
cost compared to producing a unique prototype part.

T

-i _ _-"

EXISTING

\

-.._._._r_ _ -_ ,

2"-;. ""

MODIFIED FOR ENERGY EFFICIENT

ENGINE COMBUSTOR

Figure 5.3.4-1 Modified Ignitor for Energy Efficient Engine Combustor
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The fuel injector structural support assembly, illustrated in Figure 5.3.4-2,

is made from cast AISI 347 stainless steel material which possesses high tem-

perature capability, good castability and good ductility. Each support assem-

bly provides for two main zone pressure atomizers injectors and a pilot zone

single pipe aerated injector. Each of the 24 fuel injector assemblies is in-

serted through the case from the inside of the engine and secured to the case

with four bolts. To minimize the J_sibility of fuel coking as the fuel passes

through the fuel injector assembi_, II exposed surfaces _"e protected with

welded-on sheetmetal heatshields. Separate fuel connections for the pilot zone

and main zone are provided at each fuel injector support assembly location.

Figure 5.3.4-2 Pilot Zone/Main Zone Fuel Injector Support Assembly

i
P

%

The fuel inlet connections, illustrated in Figure 5.3.4-3, are provided with

standard cone-type fittings brazed to the casting and include internal 'last

chance' fuel filters and an orifice metering plate on the pilot zone fuel

supply. This orifice metering plate permits fine-tuning of the fuel flow.

Fuel Manifola and Manifold Safety Shroud

The three major features of the fuel manifold system, illustrated in Figure

5.3.4-4, are: (1) the pigtail connectors from the fuel manifold to the fuel

injector, assemblies (2) the fuel manifolds and their connections to the fuel

supply lines, and (3) the sealing safety shroud surrounding the manifolds.
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Figure 5.3.4-3
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Figure 5.3.4-4 Fuel Manifold and Safety Shroud
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The connector tubes from the fuel manifold to the fuel injector support assem-
blies are referred to as pigtail connector tubes. They are designed with a

helix type flexibility to accommodate the thermal growth differences between
the relatively cool f_lel manifold and the hot fuel injector/diffuser case. The

pilot zone pigtail connector is a simple pipe connection, while the main zone
fuel system includes both the pigtail connector and a pressure equalizing

valve. The pressure equalizing valve is used in the main zone fuel system to

ensure that uniform fuel pressure is supplied to injectors located at both the
top and bottom of the engine. To prevent vibration of these connecto r tubes,

support clips are provided between the tubes in the helix region. In addition,
support clips tie the pressure equalizing valve to the sealing shroud. Identi-

cal pilot zone and main zone connector tLlbesare used for each of the 24 fuel

injector support assemblies, thereby minimizing the cost of tube fabrication.

Separate manifolds are used to supply fuel to the pilot and main zones. The

fuel supply is manifolded circumferentially around the engine by using a

succession of bent tube sections attached to tee fittings. Each tee fitting
provides the connection point for the pigtail tube at each of the 24 fuel
injectors. Building the fuel manifold by this succession of identical bent

tubes and tee fittings minimizes the cost of the fuel manifold. To minimize
vibration of the fuel manifolds, clips are provided to connect the fuel mani-

fold to the sealing shroud at several circumferential locations. Fuel supply

to the fuel manifolds is brought in at the bottom location through sealed

holes in the sealing shroud.

A sheetmetal sealing shroud is provided to prevent fuel leaks from impinging

on hot engine cases. This shroud is also designed to provide an enclosure in

which cooi air will be used to ventilate the fuel manifold system durin 9 the
full annular rig testing. This cool air ventilation _linimizes the chance of

any fuel coking caused by the high temperature air environment of the com-

bustor rig. The radial growth incompatibility between the sealing shroud and

the diffuser case is accommodated by spring connectors between the cases.
These spring connectors have a cross section in the form of the letter 'C.'
One side of the 'C' is bolted to the diffuser case with the same bolts used to

attach the fuel injector support assemblies. The other side of the 'C' is

bolted to the sealing shroud. To facilitate assembly of the sealing shroud, it
is segmented into two 180-degree circumferential sectors so that all fuel

plumbing can be assembled before the shroud is slid over it. Potential vibra-

tion of the sealing shroud case is minimized hy several brackets connecting
the front end of the shroud to bleed ports on the diffuser case manifold.

5.3.4.2 Structural Analysis

Detailed structural analysis of the fuel management system was confined to

analysis of the fuel injector support assemblies to ensure adequate strength
under any potential vibratory loading. The resultant support structure incor-

porates a thickness distribution suitable for maintaining stresses due to
fore, aft and lateral (sideways) loadinos below maximum allowable limits

established through engine experience. As expected, maximum stresses occur at
the junction of the pilot zone injector support structure and the diffuser

case attachment point. These injector support stresses are summarized in

Figure 5.3.4-5.
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Figure 5.3.4-5 Fue] Injector Support Assembly Stress Summary

5.3.5 Conl)onent Weight Summary

Preliminary weight analyses were conducted for the combustor component as con-

figured for the integrated core/low spool. Results of these analyses are pre-

sented in Table 5.3.5-I. A detailed weight assessment will not be performed

until the final flight propulsion syste_ preliminary design update.

TABLE 5.3.5-I

PRELIMINARY WEIGHT SUMMARY FOR INTEGRATED CORE/LOW SPOOL
COMBUSTOR COMPONENT

Weight, kg (Ib)

Diffuser Case 151 (335)

Conl)ustor Front End 16 (35)

Inner Combustor Liners and

Support Frame 21 (47)

Outer Combustor Liners and

Support Frame 45 (99)

Fuel and Ignition Systems 87 (194)

Total 320 (710)
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SECTION 6.0

SUPPORTING TECHNOLOGY PROGRAMS AND DESIGN SUBSTANTIATION

6.1 INTRODUCTION

To provide technical insight and substantiation of key design features in the

Energy Efficient Engine combustor component, two supporting technology pro-

grams were conducted. The Diffuser/Combustor Model Test Program and Sector

Combustor Rig Test Program were performed concurrent with the component d_ign
eT¢ort. Aerodynamic performance was evaluated in a full annular Plexiglas_

model of the prediffuser/combustor section. Critical technolog_ concepts such

as the fuel injector designs and segmented liner were evaluated in a modular,

high-pressure test rig using a 90-degree sector of the full annular combustor

component.

Pertinent results of these programs are summarized in the following sections.

Complete documentation of the results is contained in the Energy Efficient

Engine Diffuser/Combustor Model Test Report (CR-165157) and Energy Efficient
Engine Sector Combustor Rig Test Program Technology Report (CR-167913).

6.2 DIFFUSER/COMBUSTOR MODEL TEST PROGRAM

6.2.1 Overview

The objective of this supporting technology program was to optimize and

document the aerodynamic performance of the Energy Efficient Engine diffuser/
combustor design, which employs an outwardly canted combustor located down-

stream of a strutless, curved-wall prediffuser. Performarce goals included

demonstration of a separation-free prediffuser flow field, a diffuser pressure

loss of less than 3 percent of the total high-pressure compressor exit pres-

sure, and an overall component pressure loss of less than 5.5 percent of the
high-pressure compressor exit pressure at the design airflow distribution.

Annular Plexiglas_models of three prediffuser/combdStor configurations were

tested in the rig shown schematically in Figure 6.2 _-I. _e key parameters of

the three models are defined in Table 6.2.1-I. Configuration I was the design

recommended from analytical studies, and configurations II and Ill represent
two more aggressive aerodynamic designs.

i

TABL E 6.2. I-I

GEOMETRI C CHARACTERISTICS OF PREDIFFUSER CONFIGURATIONS

Config L/Z_R Area Rat io Turni ng (degrees)*
T _ ---TTS"O--"- 14
II 3.5 1.57 lO

III 3.0 1.50 14

* Includes 5 degrees wall cant before the prediffuser inlet.
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Figure 6.2.]-I Diffuser/Combustor Model Test Rig

t

The major program elements consisted of: (l) prediffuser performance evalua-

tions, (2) prediffuser/combustor performance integration tests, and (3) aero-

dynamic sensitivity assessment. Testing was conducted at near atmospheric

pressure and temperature, with the rate of engine inlet airflow adjusted.

6.2.2 Test Results

Prediffuser Performance

Initial flow visualization tests, using tufts attached to the wall and a

tufted wand, indicated that all configurations were separation free with in-

ner, center and outer peaked inlet profiles. However, configuration III was
judged f_ be closer to separation than the others.

Prediffuser/Combustor Performance

The performance of each prediffuser was measured with a simulated combustor

module located downstream to provide the hood design back pressuring effect

and the required inner to outer annuli flow split. The results, presented in

Table 6.2.2-I, indicate that the diffuser total pressure losses are nearly

identical and below the goal for each design. The flow turning angle was 14

degrees for configuration I and lO degrees for configuration II. Less turning

in theprediffuser resulted in a larger flow incidence angle on the combustor
hood. Thus, the lower exit Mach number of configuration II was apparently

negated by increased losses associated with flow around the combustor front
end.
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TABLE 6.2.2-I

DIFFUSER/COMBUSTOR SYSTEM PERFORMANCE CHARACTERISTI CS

Predi ffuser Diffuser

P-ress. R6cov. (Cp) Pressure Loss (%)

Con__ Inn____eer Outer Efficiency Exit Mn Inner Outer

I 0.45 0.34 0.71 0.176 2.2 2.6

I] 0.52 0.36 0.74 0.168 2.2 2.6

Ill 0.47 0.33 0.72 0.176 2.2 2.7

Based on the resu]ts of the stabi1_ty and performance testing, configuration

I, recommended from preceding analytical studies, was selected as the candi-

date for the Energy Efficient Engine.

Aerodjmamic Sensitivity.Stpdy

Tests demonstrated that preditfuser performance was insensitive to inner and

outer diffuser case annuli airflow shifts of up to 6 percent of the pre-
diffuser exit airflow from the baseline value. The prediffuser pressure loss

variation was less than or equa] to O.2 percent. The stability parameter, de-

fined as the rate of change in pressure coefficient with branch f]ow splits in

Figure 6.2.2-], indicates that the prediffuser/combustor aerodynamic behavior

was stable or flowing full throughout the branch flow split range of interest.

-02

STABILITY

PARAMETER

UNSTABLE REGION

///////// L/ // / l//Z/ // / /////// / // / / /

10 20 30 40

W A ID (% WA3)
PERCENTAGE OF INLET FLOW IN INNER ANNULUS

Figure 6.2.2-I Prediffuser Stability Characteristics as a Function of

Downstream Airflow Splits
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Tests to assess the impact of increasing the dump gap indicated that the

effect on prediffuser pressure recovery was small for the relatively large
baseline nondimensional dump gap of 2.85 (gap/prediffuser inlet radial

height). Increases in the measured total pressure loss, as a function of

change in nondimensional dump gap, are shown in Figure 6.2.2-2. The results

indicate that the increase in pressure loss should be less than 0.2 percent

based on design gap tolerances. Radial movement of the hood by 6 percent AR

inward and 24 percent AR outward relative te the baseline position had a

negligible effect on performance parameters. Table 6.2.2-II shows the low per-
formance sensitivity characteristics of the prediffuser/combustor system to

variations in inlet air profile.

04

__Z
_" "] 0.3
"_-. LU

"1Ix 1

• 0 0.2
Zl-

w>

Zl--
<l: j_j 0.1

TUj
UE

BASELINE: X/.%R = 2.85

0 _ , _, 4

0 0.2 0.4 0.6 0.8

3X,'_R

Figure 6.2.2-2 Change in DiFfuser Total Pressure Loss as a Function of

Increased Dump Gap

TABLE 6.2.2-II

EFFECT OF PREDIFFUSER INLET PROFILE ON PERFORMANCE

Profile
Press. Recov. (Cp) Press. Loss (%) Flow Split (% Wa)
Inner Outer Inner Outer Inner Outer

Outer Peaked 0.45 0.34 2.2 2.6 20.7 60.6

Center Peaked 0.46 0.35 2.3 2.8 21.2 59.6

Inner Peaked 0.47 0.35 2.3 2.7 22.8 58.5

The turbine cooling bleed (tangential on-board injection) at the inlet to the

compressor exit guide vanes and extraction through the outer wall in the dump
r region (customer bleed) did not significantly affect performance, as indicated

in Table 6.2.2-III. Customer bleed flow of 9.3 percent of the total high-
F pressure compressor flow was regarded as an average installation requirement.

For the customer bleed case, the major change in flow occurred in the outer
annulus. The relative flow distribution in the three branches downstream of

the dump plane (customer_ bleed is similar, both with and without bleed ex-

traction, indicating a minimum impact on the pilot zone combustion process.
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Turbine Cooling Air Bleed - Configuration I

0.37 0.35

0.37 0.36

Customer Bleed - Configuration II

A PtlPt 1
I-2 Baseline Struts Flow Splits (%Wa)

ID OD ID 0D ID Hood 0D

No Bleed 0.52 0.36 2.2 2.6 20.7 18.7 60.6
9.3% Wa 0.52 0.36 2.2 2.6 18.7 17.1 54.9

These tests demonstrated that the Energy Efficient Engine diffuser/combustor

design is insensitive to inner and outer diffuser case annuli flow splits,

geometric tolerances, inlet pressure profile shape, and air bleed variations.

Testing of the final design configuration with the modified diffuser case

struts demonstrated shroud losses below the 3 percent goal and no significant
wakes downstream in the inner shroud.

6.3 SECTOR COMBUSTOR RIG TEST PROGRAM

The overall objective of the Sector Co_ustor Rig Test Program was to evaluate

the emissions, performance and structural integrity, of the two-zone combustor

configuration over the Energy Efficient Engine flight spectrum. A portion of

the test also included an evaluation of relight characteristics at simulated

altitude conditions. The program was organized into three phases of testing.
The first consisted of fuel injector characterization tests, which were per-

formed both prior to and durin_ rig testing. The second phase involved a
series of performance and emissions optimization tests using a sector rig with

a conventional louvered liner. The third.phase was directed towards evaluating
the advanced seg_mnted liner at full englne sea level takeoff pressure and

temperature levels. Approximately 500 hours of rig operation were accumulated

and approximately 1000 performance/emissions data points were acquired.

6.3.1 Fuel Injector Characterization Tests

6.3.1.1 Overview

Airflow characterization and fuel spray droplet size tests were conducted with

both pilot and main zone fuel injection systems. This effort was aimed at
assessing initial configurations as well as evaluating and substantiating de-

sign refinements.
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6.3.1.2 Program Results

The fuel injectors in the pilot zone are designed for airblast fuel atomiza-

tion in which the fuel is filmed between t_o swirling air streams before being
atomized. Two types of designs were evaluated for airflow capacity and spray

quality. The results are summarized in Table 6.3.1-I.

Both injectors exhibited acceptable droplet size and airflow capacity. The

swirl strength of injectur B, however, was judged to be too low for good com-
bustion stability. This _esult was corroborated during subsequent sector rig

testing.

TABLE 6.3.1-I

PILOT ZONE FUEL INJECTOR TEST RESULTS

ACD, cm2 (in2) Inlet Swirl Strength Droplet Size (Microns)
Injectors Inner Outer (Torque/Thrust, cm [in) Id|e Startln 9

A 0.20 (0.08) 0.50 (0.20) ].5 (0.6) 22 110

B 0.07 (0.03) 0.58 (0.23) 0.7 (0.3) 32 90

Similar tests were conducted with the main zone carburetor tube injector. The

effect of main zone carburetor tube core flow on droplet size is shown in

Figure 6.3.1-I. As indicated, the vane height of the radial inflow swir!er

does not affect droplet size if the core airflow velocity and swirl strength

are the same. Also, droplet size decreases with increasing core flow velocity
and decreasing fuel flow rate.

The impact of secondary to core airflow split on droplet size is shown in

Figure 6.3.1-2 for three different core exit velocities. Trends show that

droplet size is substantially reduced by increasing the ratio of secondary to

total airflow up to approximately 40 percent. At levels greater than 40 per-

cent, there is a negligible decrease in the droplet size. On the basis of

these results, the optimum droplet size was established as 35 to 40 microns at

the design core airflow exit velocity (53-60 m/sec (175-200 ft/sec)) at sea
level takeoff conditions.

6.3.2 Sector Combustor Rig Testing

6.3.2.1 Overview

Emissions and performance optimization tests were conducted with a 90-degree

sector rig, which duplicated the aerodynamic features of the Energy Efficient

Engine combustor component. During initial testing, a combustor with a con-
ventional louvered liner configuration was used in order to facilitate the in-

stallation of design refinements. The rig contained sufficient instrumentation

to measure key aerodynamic parameters and liner temperatures. In addition, in-

strumented vanes were installed at the combustor exit plane to acquire exit
temperature, pressure and emissions data.
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6.3.2.2 Combustor Emissions and Performance Characterization Tests

Initial tests with the louvered liner s_ctor rig concentrated on reducing low

power emissions. Certain pilot zone modifications were evaluated to determine

the effect on reducing carbon monoxide and unhurried hydrocarbons at idle con-

ditions. These modifications included changes to the airflow schedule between

the pilot fuel injector inner/outer airblast passages and fuel injector design.
Target idle carbon monoxide levels were established for meeting the Environ-

mental Protection Agency Parameter goals.

Subsequent tests were directed toward optimizing the main zone for efficient
fuel staging at the approach condition and reducing oxides of nit;ogen at high
power operation. These modifications consisted of changes to the carburetor
tube design and airflow schedules.

Pilot Zone Optimization

The pilot zone airflow schedule for high combustion efficiency at idle condi-

tions was determined in the early phase of testing. Three configurations,

modified for successive increases in zone equivalence ratio, were tested to

define emissions and aerothermal performance. As indicated in Figure 6.3.2-I,
significant reductions in carbon monoxide and unburned hydrocarbon emissions

were achieved. Zone equivalence ratios were increased by eliminating all pilot

dilution air, reducing fuel injector airflow with blockage rings and redesign-
ing the fuel injector floatation arrangement to eliminate extraneous air from

entering through the expansion slots. Results showeC that a pilot zone equiva-

lence ratio near or at the l.l value provides effective emissions control at
idl_.

A series of tests was completed to optimize the pi]ot injector design, speci-

fically the airf]ow split between the inner and outer airblast passages.

Blockage rings were employed to vary the airflow rates. The different area

variations, along with the corresponding results, are presented in Figure

6.3,2-2. These results show that an appreciable reduction in idle emissions
was attained by decreasing the inner flow passage area.

Information from these tests pr vided the guidance to reconfigure pilot injec-

tor B for optimum swirl strength and passage flow area. The defined swirl

strength was 1.2 cm (0.5 in). Passage area was 0.19 and 1.07 cm2 (0.030 and

0.167 in2), respectively, for the inner and outer passages. Results acquired

with the redesigned injector B, which produced the lowest overall emissions at

idle, are also presented in Figure 6.3.2-2.

Main Zone Optimization

Several carburetor tube design variations were tested to determine the effect

on oxides of nitrogen and smoke reduction as well as combustion performance.
Based on the results obtained from the preceding fuel injector characterization

tests, two approaches were evaluated for improving tube performance and com-

bustor emissions. The first approach focused on increasing core airflow to

enhance fuel/air preparation and lower the overall zone equivalence ratio.

Core flow was increased by installing longer length radial inflow swirlers.

This modification produced reductions in oxides of nitrogen of 20 percent at

climb, as shown in Figure G.3.2-3.
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i

_ith the second approach, swirl was introduced in the secondary air passd3c to
provide more rapid mixing between secondary and core airflows. The finger
seals in the base design (Figure 6.3.2-4) _ere replaced with swirl generating
inserts, angled in the direction of flow (co-rotating with the core flow), in-
sert angles of 20 and 35 degrees were evaluated. The inserts a]so produced a
reduction in the secondary passage effective area because of the high degree
of blockage associated with turning the flow. The 20-degree swirler, which
necessitated a large number of individual inserts relative to the 35-degree
configuration, produced the greatest degree of blockage.

The effects of swirl on high power oxides of nitrogen are shown in Figure
6.3.2-5. Installation of the 20-degree inserts in the secondary air passage
contributed to a significant reduction in oxides of nitrogen with no adverse
impact on _ither carbon _onoxide or hydrocarbon emissions. However, increasing
the angle to 35 degrees failed to produce any additional reduction to the
oxide of nitrogen level. Results showed that the oxides of nitrogen level in-
creased because of the reduced core flow. The modification also had a negative
effect on carbon monoxide and hydrocarbon levels at the approach condition. On
the basis of these results, the 20-degree insert was se]ected for the final
design.
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Altitude Relight and Sea Level Startin_ Characteristics

Altitude relight and sea level start goals were surpassed with the optimized

combustor configuration. Testing was conducted with combustor inlet conditions

representative of compressor windmilling over the Energy Efficient Engine
flight enveIope. Fuel flow was varied at each condition to ascertain the

minimum required flow for ignition. The results of testing are summarized in

Figure 6.3.2-6. As indicated, ignition was achieved over the range of condi-

tions in the flight envelope. Moreover, ignition was demonstrated at an alti-
tude of 10,668 m (35,000 ft) with fuel flows as low as 21 kg/hr (48 lb/hr),

which surpassed the goal.
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Figure 6.3.2-6 Altitude Relight Test Results

Exit Temperature Distribution

Pattern factor was measured at high power conditions, usually with the pilot

zone fuel/air ratio of 0.003. This level corresponds to the optimum fuel split

for low emissions at high power conditions. Pattern factors generally ranged

between 0.15 and 0.25. The exit radial temperature profile for the final sec-

tor rig configuration is presented in Figure 6.3.2-7. These results show that

the goal profile was achieved.
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Figure 6.3.2-7 Combustor Exit Radial Temperature Profile

6.3.2.3 Advanced Segmented Liner Tests

Three combustor configurations having the advanced regmented liners were eval-

uated during this phase of the Sector Combustor Rig Test Program. The airflow
schedule and design refinements evolved from testing with the conventional

louvered liners were incorporated in the advanced liner configurations.

Testing was performed over the full range of operating conditions for the

Energy Efficient Engine. As shown in Figure 6.3.2-8, emissions characteristics

remained essentially the same as those demonstrated during the preceding tests

with the louvered liner. Except for oxides of nitrogen, all enlissions goals as

well as smoke were achieved. It shou]d be emphasized that a]though differences

existed in the cooling characteristics of the advanced segmented liner and

conventional ]ouvered liner designs, specifically in the cooling air boundary

layers, comparable emissions and performance were achieved with both designs.

This demonstrates the feasibility of using louvered liners to reduce program

costs for developing advanced combustion systems. A summary of combustor

aerothermal and emissions performance is presented in Table 6.3.2-I.

The structural integrity of the segmented liner configuration was deaonstrated

during these series of tests. The typical post-test condition of the liners is

shown in Figure 6.3.2-9. The liners are essentially in excellent condition
with no indications of then,lal distress such as cracking or buckling. An

analysis of thermal sensitive paint results showed te.iperature levels and

patterns generally within the established limits. Some evidence of streaking,

however, was observed on the inner rear segment, in which localized teaper-
atures exceeded the 1037°C (190U°F) limit.
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Figure 6.3.2-8 Comparison of Environmental Protection Agency Parameters for
Emission and Smoke Number for Conventional Louvered and

Advanced Liner Sector Combustor Configurations

TABLE 6.3.2-I

SUMMARY OF ADVANCED TWO-ZONE SECTOR COMBUSTOR PERFORMANCE

AND EMISSIONS CHARACTERISTICS

Aerotherma I Performance

Total Pressure Loss

Pattern Factor

Radial Temp. Profile

Relight Capability
Sea Level Start

Lean Blow Out

Emissions

5.22-percent Pt3
0.26

65°C (150°F) Peak-to-Average

I0,668 m (35,000 ft) Altitude

Acceptable

Acceptable

o Carbon Monoxide 2.30*

o Unburned Hydrocarbons 0.38*

o Oxid(, of Nitrogen 4.7*
o Smoke Number 4

Environmental Protection Agency Parameter; with Margin added for

Development and Varability.
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Figure 6.3.2-9 Post-Test Condition of Segmented Liner After 15.5 Hot Hours of
Testing
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SECTION 7.0
FULL ANNULAR COMBUSTOR COMPONENTTEST RIG AND PROGRAM

7.1 OVERVIEW

The objectives of the Full Annular Combustor Component Test Program are to:
(1) demonstrate that the two-zone combustor designed for the Energy Efficient
Engine meets the aerothermal and environmental goals, and (2) identify areas
where refinements could be made to meet tile combustor requirements for a
future flight propulsion system. To accomplish these objectives, the program
is organized into an integrated sequence of full annular combustor rig tests
and sector combustor rig tests. Full annular combustor rig testing will con-
centrate mainly on aerothermal performance optimization, such as radial and
circumferential temperature profiles. Sector rig testing will serve as a
development tool to provide supporting diagnostic data relating to liner dur-
ability and aerothermal performance to guide the full annular rig effort.

The program schedule is presented in Figure 7.]-I. The entire program consists
of a planned 15-month effort. An estimated 235 total hours of testing (133
hours of hot time) will be accomplished during the eight full annular and
seven sector rig tests. Also, approximately 250 performance/emissions data
points will be acquired during the program.

7.2 RIG DESIGN

7.2.1 Full Annular Combustor Test Rig

A cross sectional view of the full annular combustor test rig is presented in
Figure 7.2.1-1. Basically, the rig incorporates the Energy Efficient Engine
diffuser and combustor sections, along with the appropriate mounting and adap-
ting hardware for installation into the Pratt & Whitney Aircraft High-Pressure
Combustion Laboratory (Stand X-960) located in Middletown, Connecticut. Details
of the component test section are shown in Figur_ 7.2.1-2.

For test flexibility, the rig inlet section contains a removable profile gene-
rating duct. This permits testing with intentional flow profile variations to
simulate various compressor discharge profiles, while the rig is installed in
the facility. In addition, simulated tangential on-board injection (TOBI)
b_eed at the prediffuser inlet, customer bleed, and inner/outer annuli turbine
cooling air features have been incorporated for a realistic representation of
bleed effects. Co_ustor exit gas temperatures, pressures and emissions samples
will be acquired with a sophisticated multiprobe traversing system.

The full annular combustor rig utilizes component hardware in the diffuser and
combustor sections. Fol]owing completion of testing, the diffuser and combus-
*or hardware shown in Figure 7.2.]-3 will be removed from the test rig and in-
corporated into the integrated core/low spool.
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Figure 7.2.1-2 Test Section of Full Ar_ular Combustor Component Rig
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Figure 7.2.1-3 Rig Diffuser and Combustor Section Hardware Utilized in

Integrated Core/Low Spool Experinmntal Engine

7.2.2 Sector Comb lstor Rig

The sector combustor test rig, as shown in Figure 7.2.2-I, is the same as that
utilized in the Sector Combustor Rig Test Program. The rig is a 90-degree sec-

tor of the Energy Efficient Engine combustor. The modular design enables ex-

peditious installation of configurational changes to reduce cost and down time.

TANGENTIAL ON-BOARD

INJECTION BLEED

SIMULATION REPLACABLE "_ "

PLENUM PRE-DIFFUSER

/ CONTOURS

_ ,I

co,,o.,./SERVICE /3! I
CLEARANCE "f" 7 , [_ ' _J--F

CON ROL AIR PORT / LJ--- {_

STRUCTURAL

f CASES

SEPARATE _.
REMOVABLE

PILOT & MAIN
AFT-DIFFUSER

ZONE FUEL INJECTOR PADS INSTRUMENTED
FALSE WALLS

VANE PACK

?0

Figure 7.2.2-1 Cross Section of Sector Combustor Rig with Conventional

Louvered Liner Configuration
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The combustor section is encased by a removable diffuser wall. In addition,

the pilot and main fuel injectors are installed separately for added test

flexibility. At the exit plane, instrumented vane packs are used to acquire

pressure, temperature and emissions data.

For this test program, two sector rig combustors will be available. One util-

izes a conventional sheetmetal louvered liner to pern_it easy modification in
order to evaluate a variety of cooling/dilution flow schedules. The second

uses the advanced segmented liner for testing at the sea level takeoff pres-

sure and temperature conditions expected for the Energy Efficient Engine
combustor.

7.3 TEST INSTRUMENTATION

Both the full annular and the sector combustor test rigs will incorporate a

variety of instrumentation to monitor operating conditions such as inlet

flows, temperature and pressures as well as to record combustor performance,

emissions and structural characteristics. Imbedded thermocouples will be in-

stalled in the liners to record surface metal temperatures. Instrumentation

requiFements, including the quantity, location and type of sensor have been

determined on the basis of analyses, previous sector rig testing and Pratt &

Whitney Aircraft's experience in the development of advanced combustion
systems.

7._.I Full Annular Combustor Rig Instrumentation

The ful7 annular test rig is equipped with a complete complement of pressure,

te_erature and gas sampling sensors to provide a thorough documentation of

performance and en,issions. Table 7.3.1-I lists the location, type and quantity

of instrumentation used to monitor performance and Figure 7.3.1-7 presents the

instrumentation map. As indicated, the co_bustor inlet and exit locations are
extensively instrumented.

Co[_ustor exit radial and circumferential temperature distributions and ex-

haust gas samples will be obtained with a traversing multiprobe system. It
consists of seven multi-element probes. Five of the probes are used for

measuring total pressure and acquiring gas samples for a determination of

total unburned hydrocarbons, carbon monoxide, oxides of nitrogen, and smoke
7evels. Each of the five probes has four radial sampling elements. The remain-

ing two probes are used for measuring total temperature. These probes have
five radial sensing ele,_ents and are positioned at the combustor exit plane in

the same axial location as the first stage turbine vane. They are cooled with

supplementary facility air and the gas sample lines are water cooled. The gas

sampling lines are manifolded so that emissions are averaged.

The data acquisition system includes a combination of scanivalves and indivi-

dual pressure pickups. Steady state pressures are recorded in the normal mode

by transducers mountcd in the scanivalves. Airflow is measured by two force

balance transducers. A precision pressure gauge is used to measure the refer-

ence barometric pressure. Based on previous applications, a pressure measure-
ment uncertainty of less than +O. IO percent of transducer full scale pressure

can be expected for steady sta_e data. To maintai_ pressure accuracy, a primary

calibration of the high accuracy steady state transducers is performed just

prior to starting the test. This calibration is performed using dead weight
testers that are calibrated against National Bureau of Standards' traceable

?!
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standards. A secondary calibratlon, consisting of the application of at least
two known pressures to each high accuracy tra sducer during each data scan, is
available for updating the primary calibratio, curves.

A totai of 102 thermocouples will be used for recording liner metal surface
temperatures. In addition, thermal sensitive paint will be used on selected
panels to show liner thermal gradients. Seventy-_ight thermocouples are loca-
ted on the inner liner and 24 are on the outer liner. The thermocouples are
imbedded in the liner to record hot wall surface metal temperatures as well as
temperature levels on the cold wall at the liner segment hook attachment area.

Thermocouple instrumentation will provide complete coverage of a 90-degree
quadrant of the full annular rig. Individually instrumented 15-degree panels
of four liner segments (inner rear, inner front, outer rear, and outer front
segments) will be installed for each test. Thermocouple locations for these
panels are shown in Figures 7.3.1-2 and 7.3.1-3. The rear inner liner segment
has received the most extensive thermocouple coverage. This coverage is re-
quired on the basis of results acquired from sector rig testing, which showed
the presence of high metal surface temperatures.

Temperatures ranging to 815°C (1500°F) _ill be measured using calibrated ther-
mocouples connected to referenc junctions attached to uniform temperature re-
ference blocks located in the test cells. The temperatures of these reference
blocks are monitored relative to highly accurate electronic ice point cells,
which are calibrated to National Bureau of Standards' traceable standards.
Based on recent experience, a temperature measurement uncertainty of ÷0.14°C
(+0.25°F) up to +0.56_C (+l°F) can be expected for steady state da_a.-Exit gas
temperature measurement uncertainty is _0.5 percent.

Instrumentation will be installed to ensure the safety of the test vehicle.

Thermocouples will be installed at different locations throughout the combus-

tor to measure metal surface temperabJres and detect hot spots. Also, a light-

off detector provides an indication of ignition as well as detects the occur-
rence of a lean blow out. Hydrocarbon detectors will be used to monitor the

hydrocarbon content in the outer combustor annulus and fuel manifold safety

shroud areas.

J

7.3.2 Sector Combustor Rig Instrumentation

The sector combustor rig will incorporate sufficient instrumentation to evalu-
ate performance, emissions and liner durability characteristics. A list of the
sector rig performance instrumentation is presented in Table 7.3.2-I.

Sufficient pressure and temperature probes will be nstalled in the dif;_ser

and combustion sections for a complete documentation of aerothermal perfor-

mance. Exit total pressures and temperatures wil, be recorded by stationary

vane packs. Also, exhaust emissions and smoke samples will be ebtained at the

combustor exit utilizing eight stationary vane packs. The exit probes are air

cooled and the gas sample lines are steam cooled. In addition, the gas saI_p-
ling lines are manifolded so that emissions can be averaged radially or cir-
cumferentially. However, it is anticipated that a bulk average sample will be
used. Since this system is essentiall_ idehtical to the exit instrumentation
in the full annular rig, the same pressure measurement uncertainty level of
+0. I0 percent can be expected and the same calibration procedures will be
employed.
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(a) TYPICAL INNER REAR LINER SEGMENT THERMOCOUPLE LOCATIONS

(b) TYPICAL INNER FRONT LINER SEGMENT THERMOCOUPLE LOCATIONS

Figure 7.3.l-2 Full Annular Combustor Component

For Inner Liner Segments

Rig Thermocouple Locations
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(a) TYPICAL OUTER REAR LINER SEGMENT THERMOCOUPLE LOCATIONS

?6

UPSTREAM _:_ .,.._...._

(b) TYPICAL OUTER FRONT LINER SEGMENT THERMOCOUPLE LOCATIONS

Figure 7.3.1-3 Full Annular Combustor Component Rig Thermocouple Locations
For Outer Liner Segments
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To monitor liner overall thermal-mechanical performance, ten imbedded thermo-
couples will be installed on the inner and outer liners. Also, thermal sensi-

tive paint will be applied to selected panels to show thermal gradients.

The sector rig has the same type of safety instrumentation as the full annular

rig. This safety instrumentation includes thermocouples for temperature level

monitoring, light-off detectors and hydrocarbon sensors.

7.4 TEST PROGRAM

7.4.1 Full Annular Combustor Rig Test Program

The program planned for the full annular combustor component rig is a four

phase effort, consisting of a total of eight separate tests. These tests are
outlined in Table 7.4.1-I.

The baseline full annular combustor configuration used in the first phase of

testing will be a simulation of the last configuration evaluated during ad-

vanced liner evaluation in the previous Sector Combustor Rig Test Program.

This will provide a direct measure of combustor behavior and commonality

between the full annular and preceding sector rig results, as well as a base-

line characterization of performance for subsequent testing. However, the test

configuration will not be identical to sector combustor rig hardware. The full

annular combustor design is scaled down for a 12 percent smaller core airflow

capacity, incorporates cast carburetor tubes, and has smaller diameter pilot
rue] injectors.

The second phase is directed towards establishing baseline durability char-
acteristics at conditions simulating sea level takeoff. In the third phase,

modifications to improve performance and durability will be evaluated. Poten-

tial modifications irc]ude the following:

(I) M_ zone cast carburetor tube geometFy to alter the airflow

and/or swirl strength of both the core and secondary (outer)

airflow. Changes will be limited to those achievable within

current castings.

(2) Variations in the dilution air injection location and amount of
air.

(3) Varying pilot fuel injector airflow and/or swirl strength.

The specific test rig configurations for each test will evolve from the

results of preceding tests_ including the results from the companion sector
rig program.

The matrix presented in Table 7.4.l-II outlines the sequence and test condi-

tions for the full annular combustor rig test. All of the performance and

emissions testing planned in Phases l, 3 and 4 will include combustor opera-

tion at points l through 18. The liner durability evaluation in Phase 2 will

consist of test points I-6 and point 19, which simulate a hot day 29°C (84°F)
sea level takeoff condition.
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At the end of testing, the combustor will be inspected and thermal paint

patterns will be analyzed for a determination of temperature gradients and

maximum temperature levels.

7.4.2 Sector Combustor Rig Test Plan

The planned sector combustor rig program will be conducted concurrent with the
full annular test effort. This program consists of the th- : phases shown in
Table 7.4.2-I, and the test matrix is presented in Table 7.4.2-11. The matrix
is essentially the same as that for the full annular program, except that exit
pressures, temperatures and emissions will be measured with a stationary vane
pack. Also, the procedures are consistent with those used in the Sector Com-
bustor Rig Test Program.

Visual inspection of the test rig will be made on a regular basis to detect
temperature-related problems. These inspections will also include analyses of
thermal paint patterns.

Test Number

Phase I

S-I

Phase II

S-? thru 6

Phase III

S-7

T_Lypeof Test

TABLE 7.4.2-1
COMBUSTOR COMPONENTTEST PROGRAII

SECTOR RIG TESTING

ronfiguration/Variables C OElflent

Liner Temperature'
Performance/Emissions

Advanced L;ner, Simulate
Sector and F.A. #I
Cast Carburetor Tubes

Baseline: thermal paint plus
commonality assessment.

Performance/Fmissions
Development

Louvered l_iner, Potential Performance optimization,
I_,odifications" results to full annular.
o Dilution Air
o Carburetor Tube

Liner Temperature/
Thermal Paint

Advanced Liner,

Integrated Core/

Low Spool

Combustor Configcration

Liner t_peratures

at full sea level
takeoff conditions for

durability assessment.
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Roint Condition

] CFPL
2

TABLE 7.4.2-II
SECTOR COMBUSTOR RIG TEST PROGRAM

TEST I_TRIX

TT3 PT3
°C (°F) MPa (psia) {F/A)

148 (300) 0.7 (100)

OPIGINAL PAGE |11
OF POOR QUALITY

WA3(
kg/sec ,Ib/sec)

5.5 (12.3)
5.9 (13.1)

6.3 (14.0}

Pilot/Main

Fuel Split Comments

Cold Flow
Pressure Loss

(CFPL)

Idle 199 (391) 0.43 (63) 0.0090 3.87 (8.54)
0.0098
0.0110
Min.

100/0 Fuel/Air Variation

Lean Blowout

9
ID
11
IZ

Approach 348 (659) 1.2 (167.7) 0.015
(167.1)

0.014

0.016

8.Z (18.2}
I00/0

85/15
70/30

Fuel Split
Variation

Fuel/Air Variation

at Design Split

13
14
15

Climb 501 (935) 1.4 {205"} 0.020

0.023

9 (20*) 15185
30170

Fuel/Air Variation

at Design Split

16 SLTO, STD

I7
18

532 (991) 1.4 (210") 0.021

0.023
0.025

9 (20*)
Fuel/Air Variation

at Design Split

19 SLTO, Hot 568 3.0 (444)
(1055)

X-960

Temperature

0.027 18.7 (41.4) 15185

Advanced Liner,

Air supply

Evaluation

"Corresponds to flow parameter simulation at X-903 air supply maximum operating
conditions, louvered liner configuration.
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SECTION 8.0
CONCLUDING REMARKS

The combustor design for the Energy Efficient Engine represents a substantial
improvement in mechanical simplicity, durability and overall performance re-
lative to the first generation two-zone Vorbix system evaluated during the
Experimental Clean Combustor Program. The results from supporting technology
programs have provided the necessary design substantiation, demonstrating al7
aerothermal performance and emissions goals, except for oxides of nitrogen.

The segmented liner concept - the most prominent feature of the combustor
design - offers the structural integrity necessary to sustain operation at the
high pressure and temperature levels envisioned for future Tuel efficient
gas-turblne eRgines. This design introduces new avenues where further tech-
nology advances can be made° A substantial weight reduction could be attained
by modifying the liner support structure. Also, limer fabrication costs could
be sharply reduced by simplifying the internal cooling technique of the liner.
Recent advances under independent research and development programs have
identified other cooling techniques that would enable the use of larger, a_-
cast filler segments that require little machining, as opposed to the current
FINWALLk_approach. These advanced concepts also offer improved thermal
effectiveness.

The combustor fuel management system is a second area where significant im-
provements have been made. The unique main zone carburetor tube design is a
major contributor, providing improved fuel atomization for emissions control,
low smoke and pattern factor, while permitting a shorter main zone combustion
section. The carburetor tube fuel injector, manifolded integrally with the
pilot zone aerated fuel injector, provides an attractive fuel system approach
in the event that the current oxides of nitrogen emissions regulatioF dictate
the use of a two-zone combustor in future commercial aircraft.

Overall, the technology evolved through the combustor design and experimental
verification processes has wide application.
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A

ACD
arm
bx

CO

Cp
El

EPAP

F/A
HC

i or ID

L

LBO

micron

NOx

o or OD
ODS

Ap

PS

PT
R

r
SLTO

SrID

THC

TOBI

TT
T/C
V

Wa
X

X/LR
Y

0

LIST OF ABBREVIATIONS AND SYMBOLS

area
effective flow area

atmospheric unit of pressure (14.7 psi)
axial chord

carbon monoxide

pressure recovery coefficient

emissions index (gm pollution/kgm fuel)

Environmental Protection Agency Parameter
fuel/a ir ratio

hydrocarbons

inner annulus or inner diameter

prediffuser axial length
lean blowout

unit of length equal to one thousandth of a millimeter
(0.00004 in)

oxides of nitrogen

outer annulus or outer diameter

oxide dispersion strengthened

pressure differential

static pressure

total pressure

radius fro_.,engine centerline

prediffuser inlet annulus height
sea level takeoff

Sauter Mean Diameter indicating fuel spray droplet size
total unburned ilydrocarbons

tangential on-boara injection

total temperature

thermocoupl e
veloc ity

total mass airflow rate (measured)

axial 6i splacement

baseline nondimensional prediffuser dump gap
tangential displacement

Equivalence ratio

Ter_,is fro,,l Table 4.3.i-11

TerI,l

B-]

B-2

6'-1

_-_

ESFI

Jefi,litiu;_

Absolute air angle at row inlet

Absolute air angle at row exit

Relative air angle at row iplet

Relative air angle at row exit

Angle between tangent to
streamline projected on meridiona]
plane and axial direction
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Terlas fro_,l Table 4.3.1-11 (Cont'd)

TerI,l Definitiolk

m:.

t

DEV

D-FAC

EFF-A or -AD

EFF-P

EPSI-I

EPSI-2

INCS

INCM

LOSS-P

M-I

M-2

M'-I

M'-2

NCORR

OMEGA-B

PCT TE SPAN

?0/,)O

Deviation angle (Exit air angle
minus the metal angle at trailing

edge

Diffusion factor (see above)

Adiabatic efficiency

Polyt,,_pic efficiency

Slope of meridional streamline at
row inlet

Slope of meridional streamline at
row exit

Incidence angle between inlet alr

direction and line tangent to

blade suction surface at leading

edge, degrees

Incidence angle between inlet air
direction and line tangent to
blade mean camber line at leading
edge, degrees

Loss parameter

Mach nut er at row inlet

Mach number at row exit

Relative Mach number at row inlet

Relative Mach number at row exit

Low-pressure rotor speed, corrected

Total pressure loss coefficient

(.Mass average defect in relative

total pressure divided by
difference between inlet

stagnation and static pressures)

Percent trailing edge span

Pressure ratio



Terl,1

PO2/POI

RHOVM-]

RHOVM-2

TURN

TO/TO

U-I

U-2

V-I

V-2

VM-]

VM-2

V'-]

V'-2

V_-I

V_-2

V_'-I

V_' -2

WCORR

WCI/AI

86

Ter[as fro,a Table ._.3.]-II (Cont'd)

Definition

Static pressure ratio

Density times meridiona!
aZ row inlet

Density times meridional
at row exit

Relative air turning

exit, degrees

Temperature ratio

veloci ty

re] oci ty

from inlet to

Rotor tangential speed at row inlet

Rotor tangential speed at row exit

Air veloclty at row inlet

Air velocity at row exit

Meridional velocity at row inlet

Meridional velocity at row exit

Re]ative air velocity at row inlet

Relative air velocity at row exit

Tangential velocity at row inlet

Tangential velocity at row exit

Relative tangential velocity at
row inlet

Relative tangential velocity at
row exit

Airflow, corrected

Stage inlet corrected airflow

divided by stage it,let area
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